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To the question of oxidation on the surface of oxides: temperature-
programmed oxidation of cyclohexanol

Volodymyr V. Brei, Svitlana I. Levytska, Svitlana V. Prudius

Institute for Sorption and Problems of Endoecology of the National Academy of Sciences of Ukraine, 13 General Naumov Str.,
Kyiv 03164, Ukraine; brei@ukr.net

Temperature-programmed reaction (TPR) method with mass spectrometric control of the products was used to
study of cyclohexanol oxidation into cyclohexanone on individual and mixed oxides supported by y-Al,Oz and silica
gel. In the TPR profiles the temperature of a maximum rate of cyclohexanone formation varies from 125°C for
MoOs/Al,O3 to 235°C for less active CuO/Al,Os. The catalytic activity of individual oxides decreases in the order
MoQ3/Al,03> V,05/Si0; > FesO3/Al,03 > BibOs/AlbO3 > TiOL/Si0; = CeO,/Al:0O3 > TiO,/Al,O3 > SnO./AlLO3. As
"reactive™ oxygen in our TPR experiment was supplied only from oxide lattice, oxide activity is determined by
different energy of the surface Me — O bonds. The approach to search for mixed active oxides based on decreasing
coordination number of O% ions is proposed, that confirmed by the example of CuO-WOs/Al,O3 catalyst. The mixed
supported oxides, especially CuO-CrOs/Al;03, CuO-Mo0s/Al,03, M0O3-SnO,/Al,O3 and Bi,0s:-SnO,/Al;O3, are more
active in CeH120 + 1/20; — CsHwO + HO oxidation. The synthesized CuO-CrOs/Al,Os catalyst provides
cyclohexanone formation without side cyclohexanol dehydration and can be used for the oxidation of ethylene glycol
— methanol mixture into methyl glycolate. CuO-Cr,0s/Al,O3 with a spinel structure of CuCr,04 ([CuO,] ° tetrahedra,
Cu®* sp3-hybridization) is more active in cyclohexanol oxidation than CuO/Al,Os with flat [CuO4] * squares, Cu®*

dsp?-hybridization. This is explained by the lower energy of Cu-O bonds at sp3-hybridization of Cu®" ions.

Keywords: heterogeneous catalysis, oxidation on oxides, supported catalysts, mixed oxides

Introduction

Even though many monographs and reviews
have been written on the catalytic oxidation of various
organic compounds on oxides [for example, [1-5]], the
search for a suitable catalyst remains largely luck of a
researcher. We have studied the reaction of
cyclohexanol oxidation into cyclohexanone CegHi20 +
1/20,— CeH100 + H20 on typical catalytic oxides at
linear increasing temperature with mass-spectrometry
product analysis. In particular, this TPR method has
been applied for finding correlations between the
ability of alcohols to be oxidized on CeO,/AlO; and
their chemical shifts & (R®COH) [6]. Usually,
desorption mass-spectrometry is used to study
monomolecular surface reactions such as the
destruction of 1-butin-2-methyl-20l (MBOH) test
molecule or alcohol dehydrogenation on the Cu-
catalyst [7]. However, the release of oxygen from the
oxide lattice of a catalyst allows to study bimolecular
reaction of alcohol oxidation. Obviously, it’s possible
to discuss Mars-Crevelen's mechanism only. In this
communication, the TPR spectra of cyclohexanol
oxidation on individual and mixed oxides supported by
alumina and silica are presented, and the reaction
schemes are discussed also.

Experiment

Numerous individual and mixed oxides
supported by y-Al,O3 and SiO; (30 samples) were used

for the cyclohexanol (chromatography purity) TPR
oxidation (Table 1, 2). The samples containing 2+45
wt.% of supported oxides were prepared by usual
incipient wetness impregnation of commercial y-Al>O3
and silica gel with calculated aqueous solutions of
correspondent metal salts. The supported oxides
precursors were calcined at 400+~700°C for 1+6 h. The
samples were denoted as xMeO/Al,O3(Si0O,), where x
is the MeO content in wt.%. The supported samples
lose not more than 50% of initial high surface area of
the y-Al,03 (260 m?/g) and silica gel (380 m#/g).

The TPR profiles of cyclohexanol products
oxidation were registered on the modernized monopole
mass-spectrometer MX-7304 (Ukraine). Previously
oxide sample (1-2 mg) in a quartz cuvette was
evacuated at 60-80°C, cooled to room temperature, and
adsorption of alcohol vapor was provided. Then a
sample was vacuumed at 30°C, and the TPR spectrum
in the range, as a rule, of m/e = 39 -72 at sweep 2
a.um./s and temperature raising of 15°C/min was
recorded.

Results and discussion
Individual supported oxides
In Fig. 1 some typical TPR profiles of
cyclohexanol oxidation on individual supported oxides
are presented. Two main experimental facts should be
noted:
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- the maximum rate of cyclohexanone formation is
observed at various temperatures for several
oxides in the range from 125 to 235°C (Table 1);

- in the TPR spectra three main products are fixed,
namely, cyclohexanone (55, 42, 69 a.u.m.),
cyclohexene (54, 67, 39 a.um.), and CO, (44
a.u.m.).

Cyclohexene forms at dehydration of cyclohexanol.

This is the main side reaction chartered for alcohols,
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that proceeds on all studied oxides excluding CuO
(Fig. 1). Interestingly, the peaks of cyclohexene and
cyclohexanone formation often are observed at the
practically same temperatures (Fig. 1, 2), i.e.
exothermic oxidation of cyclohexanol stimulates its
endothermic  dehydration.  Suppression of the
dehydration of alcohols during their oxidation on solid
catalysts is an important practical question.
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Fig.1. TPR profiles of cyclohexanol oxidation on individual supported oxides: 44 a.u.m. — CO;
54 a.u.m. — cyclohexene; 55 a.u.m. — cyclohexanone; 57 a.u.m. - cyclohexanol.

Target cyclohexanone forms at 125°C on the most
active MoOs/AlO; and at 235°C for less active
CuO/Al;,O3 that corresponds to change activation
energy of cyclohexanol oxidation reaction E; = 25 RTn

[6], (where Ty in K), from 19.9 kcal/mol to 25.4
kcal/mol (Table 1). Obviously that this E. difference
could be associated with different energies of Cu-O
and Mo-O bonds on the surface of oxides.

Table 1. Temperatures of peak formation of cyclohexanone (T™) and cyclohexene (T>*) from

cyclohexanol adsorbed on studied oxides

Sample E.=25RTn>, T4 oQ **
T, °C kcal/mol * T, °C '
5wt%Ti02/AlO3 195 234 200 >300
5wWt%TiO2/SiO; 190 23.2 190 >270
2 %V,05/Al,03 155 214 155 >330
2%V,05/Si0; 135 204 135 >350
2%MnO,/ Al,O3 - - 205 >180
2%MnO,/ SiO; - - - >160
7%Fe;03/Al,03 145 20.9 145 >270
5%Fe,03/Si0O; - - 135 >270
45wt%CuO/Al2O3 235 25.4 240 >235
20wt%CuO/Si0; - - - >170
30wt%MoO3/Al,O3 125 19.9 125 >280
30wt%Mo0s3/SiO, - - 110 >290
10wt% SnO2/Al,O3 205 23.9 205 >295
10wt%CeO2/Al03 195 234 195 -
10wt%CeO2/Si0O; - - 130 -
10wt%WOs/Al,O3 145 20.9 145 -
10Wt%WO3/SiO; - - 115 -
15%Bi,0s/Al,03 160 21.7 160 >240
15%Bi,0s/SiO- - - - >270

*) Eq4 —activation energy of cyclohexanol oxidation
**) temperature of CO, formation

In TPR spectra for practically all studied samples
the CO, formation, as a result of full cyclohexanol
oxidation, is observed at temperatures higher 250°C as
rule (Fig. 1, 2; Table 1, 3). More active towards CO-
formation are MnO/Al,03(Si0,) samples, unsuitable

for selective alcohol oxidation. For the most part, the
oxidation TPR spectra for alumina and silica as
carriers are strikingly different, for instance, for
supported Bi,Oz (Fig. 1). On the whole, oxides
supported by alumina are more active (Table 1). A
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sample can be considered active if in its TPR spectrum
the intensity of the fragment ion (55 a.u.m.) of
cyclohexanone exceeds one of splinter cyclohexanol
ion 57 a.u.m. at peaks. The influence of a carrier on the
activity of supported catalytic oxide is a separate
important question that is not discussed here.

The supported Cr20s/Al,03(Si0O,) samples were
not active in the oxidation of alcohol, but unexpectedly
for us supported SnO; and Bi.O3; oxides showed not
bad activity towards cyclohexanone formation (Table
1). Thus, among the studied samples, some individual

oxides are suitable for the oxidation of cyclohexanol
into cyclohexanone. Their activity decreases in such
order: MoO3/Al,O; > V,0s5/Si0, > Fe,Os3/Al,O; >
Bi>Os/Al,03 > TiO,/Si0s = CeO,/AlO3 > TiO,/AlLO3 >
SnO2/AlLO:s.

Reaction proceeding

In our experiments at low pressure (~ 10°3° Tor in
cuvette), oxygen for the reaction can be generated
from oxide lattice only according to the equation
2CuO = Cuz0 + 1/20,, for instance. A possible
oxidation scheme could be written as

-VCu?* MO + CeH1:OH — -VCu*o + CsH100 + H.0 Q)

NG

2+

Tu

Active surface oxygen ion returns an electron to
Cu? ion and formed O atom attacks the adsorbed
cyclohexanol molecule. Note, the formed oxygen atom
is easier attached to alcoholic -CH,OH group with a
reduced electron density (or a large chemical shift) on
the carbon atom [6]. As result, molecules of
cyclohexanone and water, and a virtual oxygen atom
vacancy O or a hole are formed. Obviously, that
activation reaction energy is determined by the energy
of broken surface Me-O bonds. Studied samples
changed their color after the experiment, for instance,
light yellow CeO,/Al,O3 turned brown that chartered
for Ce0s.

How is it possible to estimate the energy of Me-O
bond in the surface-active site? There are many data on
the heat of oxygen chemisorption Qo2 on oxides, and
the known correlation between Qo2 and activation
energy Ea=Eo— 0.5 Qoz0r IgW = a - bQo2, where W
—reaction rate, has been determined [8]. We have tried
to obtain TPD profiles of O, chemisorbed on studied
oxides, as Eges = Qo2 max, but reliable, repeatable results
did not obtain, even after preliminary calcining
samples and adsorption of pure oxygen. Boreskov with
co-workers [8] have measured the O, pressure (102-10°
4 Tor) above several oxides heated at various
temperatures (150-600°C) and calculated using the
Clapeiron equation the go values named “binding
energies of oxygen”. These o values are useful for
estimating the ability of oxides to lose oxygen (Table
2).

The estimation of energy of surface Me-O bond
could be based on a standard enthalpy formation of
oxide but necessary to consider the coordination
number (CN,) of oxygen ions in lattice and the
circumstance that for O%ion on the surface its
coordination number decreases by 1. For instance, for

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33

e + H,0

VCuVO  with [OCus] tetrahedrons (O  sp®-
hybridization) and flat [CuO4]® squares (Cu dsp?), the
binding energy of surface Cu-O could be calculated as
Ecwo = AH% (CNo-1)/CN.? = 37* 3/16 = 7 kcal/mol,
and for V'Mn"'O, with rutile’s structure Emno =
125*2/9 = 28 kcal/mol. Such calculated Ewme.o0 values
for studied oxides are presented in Table 2. These
values are varied from 51 kcal/mol for WO; to
7 kcal/mol for CuO (Table 2).

The calculated enthalpies (AHg) of the reactions
of decomposition of higher oxides into lower ones with
the release of oxygen are changed within 90-20
kcal/mol (Table 2). Electron affinity (EA) of higher
oxides is undoubtedly a useful parameter because it
reflects their ability to change a charge of Me-cation
(Me™! + ¢ — Me™), but such data are available for
some oxides only (Table 2). Standard electrode
potentials also are useful. For example, comparison of
Eo=0.77 v for Fe** +e =Fe** and Eo, = 0.15 v for
Cu?* +e = Cu* allows to say that Fe,Os is a stronger
oxidizer than CuO.

However, the comparison of experimental Tn>°, Ea
results (Table 1) and Ewme-0, AHr Vvalues, presented in
Table 2, does not show any correlations.

Consider a possible way for the oxidation of
adsorbed alcohol molecule with the participation of
surface oxygen ion of oxide, for instance, CuO. A
surface oxygen ion with an unpaired electron can exist
either as
-CuOH group or as a strained -Cu-O"-Cu- bridge.
Such sites “sleep” until they are attacked by adsorbed
alcohol molecules. In the case of bridging structure,
the sum reaction is written as

-Cu*-O"-Cu?*- + CsH110H = 2 —Cu*o + CgH100 + H-0.
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In the case of —Cu-OH group, split-off OH
radical could attack the hydrogen atom of B-CH. group
of cyclohexanol, forming water and 3-cyclohexene-1-
ol (m/e=54). Of course, hydroxyl groups and strained
bridges may affect oxidation only at the beginning of a
reaction that proceeds with the participation of
molecular Oz in the gas phase.

So as the result of the first catalytic acts, surface
-Cu'n ions are formed that are capable to chemisorb
O, molecules, forming —Cu?*-0-0", and then 2 —Cu?*-
O sites. As the energy of single Cu-O and -O-O* bonds

is approximately two times less than in O, molecule
(118 kcal/mol), obviously that these surface sites are a
source of active oxygen for oxidation. At forming
active sites by reaction -Me™o +O,— —Me"!-0-0,
one O-O bond in O, (~54 kcal/mol) is brooked and —
Me™-O one is formed. If Emeo< Eo-o, the
chemisorption could be endothermic, but the 2-Me™o
+0, — 2-Me™!-O" oxygen chemisorption is always
exothermic. The regeneration of active sites is a
complicated question that is not discussed here.

Table 2. Several physical-chemical parameters of individual oxides.

Oxide - AH{®*

kcal/mol

EME-Oi**
kcal/mol

do[8],
kcal/mol

Oxide -0 AHR,

*kk
kcal/mol EA, eV

VITiIIIO2

2TiO,=Ti»,03 +0O

226

50

59

Ti*[Ar] - Ti*[Ar]3d! 87 1.59
Ti* +e =Ti%, Eo=-0.04v

V' I
V2105 378

92

43

V205 = V203 +0>

VSTAT —V3[Ar3d? 80 )

VI'\/InIIIC)2 125

28

20

2Mn0O,=Mn,03 +O

Mn**[Ar]3d*—Mn*[Ar]3d* 20 2.06

VIFE‘Z IVO3
197

38

33

Fe, Os=2FeO + O
Fe3*[Ar]3d°—Fe?[Ar]3dS 68 3.06
Fe3* +e =Fe?*, Ey=0.77v

IVCuIVO
37

19

2Cu0=Cu,0+0
([Cu**-O*=[Cu**-Q))
CUZ[Ar]3d°—Cu*[Ar]3d™
Cu® +e =Cu*, Eo=0.15v

34 1.78

v 1
Mo"0s 181

45

53

2Mo0O3 =M0,05 + O

Mot [Kr]—Mo® [Kr]4d! J 3.17

Vignio,
140

31

SnO, =SnO + O
SN**[Kr]4d°—Sn?*[Kr]4d%5p?
Sn** +2e = Sn?*, E¢=0.15v

ViiCceVO,
261

49

2Ce0, =Ce,03+ 0
Ce*'[Xe] —Ce*[Xe]4f!
Ce** +e = Ce®*, Eg=1.61V*

VIl
W"O3 202

ol

55

WO3; =WO;,;+ O 60
WO [Xe]4fH4 —WH[Xe]4f5d2 3.30

VIBi2IV03
BiO, 140
[BiO][BiO3]

26

[Bi**O][Bi** 03] = V'Bi,VO;
Bi**[Xe]4f*5d10— 60 3.30
Bi®*[Xe]4f*5d1%p?

* from: Turova N. Ya. Reference tables on inorganic chemistry. “Khimiya”, 1977,
https://webbook.nist.gov/chemistry/.

** Epe-o = AH% (CNo-1)/CNo?

***https://webbook.nist.gov/chemistry/

It should be noted such an interesting option.
With an excess of adsorbed alcohol, its chemisorption
on the —Cu*o sites with dehydrogenation to aldehyde
(or ketone) is not excluded. The mechanism may be
similar to that described in [7]: an oxygen atom of
alcoholic -OH group exchanges the hydrogen atom for
an electron from -Cu* ion, forming -Cu?-O-CH2-R
species; formed H" atom attacks the C-H bond forming
H, and aldehyde with the return of the “borrowed”
electron to Cu?* ion. The hydrogen will be oxidized in

the presence of oxygen to water so that the total
reaction (1) does not change. Known data on the
oxidation of methanol to formaldehyde confirm this
pathway.

What is a typical number of active sites on the
oxide surface? According to the results on
chemisorption of methanol on numerous individual
oxides [9], the typical concentration of active sites is ~
7 10 site/cm? [10]. In work [11] the reasonable
concentrations of active oxygen [O]~[CUsu] = 1.2-

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33
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2.6 site/nm? (1.2 - 2.6 10 site/cm?) for CuO-CeO;
mixed oxides have been determined. The best
CuCeOx-CP catalyst was capable to oxidize of CO at
60°C with rate 1.2:10°® mol CO/m?/s,
7-10" mol CO/gea/h, TOF=102-102s! [11] that
corresponds to 7.2-10'' molecule/cm?s (7.2-:103
molecule/ nm?/s, TOF = 3-10°s™) or to space yield
time SYT= 5mmol/ge/n. Note, that for an industry
catalyst productivity, as rule, must be higher than this
SYT value. The turnover frequency TOF = 3-103s?
means that during 1 sec the 300 sites are capable to
oxidize only one molecule of CO as follows from the
calculation of 2.1 10 % (site/lcm?) / 7.2:10Y"
(molecule/cm?/s) = 300 site s/molecule.

It’s possible to calculate the collisions number of
CO with the active sites in the experiment performed
in [11]: 333 K, 1 vol% CO at normal pressure (partial
Pco = 10t bar [N/cm?]), using Hertz-Knudsen formula
F = P/(2xmkT)Y2 = P Na/(2tMRT1073)22
[molecules/cm?/s], where Na — 6.02 102 Avogadro
number [molecules/g-mol)], P -partial pressure
[N/cm?], M=mN, molecular weight [g/mol], R= 8.3
[J/(mol K]. Calculated collisions Fco.c,= 2.7-10%
Pco/[Cuswt] =  2.7-10%/2:10% ~ 107 [CO
collisions/site/s]. This calculation demonstrates the
possibility of proceeding TPR reaction of absorbed
cyclohexanol with the Me-O« sites even under 10~ Tor
vacuum (P ~ 10 bar) when the collision number
exceeds the [Me-O¢] sites by 2-3 orders.

The observed in [11] CO oxidation rate was
7.2:10'"" molecules/cm?/s, i.e. the proportion of active,
reacting CcO molecules is
N*/N=72-10""/3-10> ~2:107'°. By  Boltzmann
distribution, N*/N = ¢ ¥RT=2-10"1°, and the active CO
molecules must have the energies
E > RT In2:10'" ~ 11 kcal/mol, significantly exceeding

average thermal energy of molecules
€ =3/2'-RT ~ 1 kcal/mol at 333 K.
Mixed oxides

As known, slow desorption of reaction product is
capable to brake oxidizing reaction, and for a selective
catalyst must observe “consistency between the rates
of formation and desorption of oxidized product” [5].
In the case of gas-phase alcohol oxidation, reaction
temperatures > 150°C are suitable for the quick
desorption of formed aldehydes (ketones). Therefore, a
question on the synthesis of oxide systems capable of
effectively releasing active oxygen at 150-200°C is
greatly actual. We have used the way for search of

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33

active mixed oxides based on a decrease in the
coordination number of O? ions (CNo) in the
framework of mixed oxide in comparison with
individual active oxide. At that, the bond Me™-O" in
the surface species could be weakened, and the
oxidation reaction accelerated. An O ion has different
coordination numbers in oxide lattices equal to 4 (sp*-
hybridization, CuO), 3 (sp?, TiO,), or 2 (sp, WO3).
Decreasing CNo formally leads to increasing electron
density on O* ion, that should weaken Me-O bond. For
instance, the formation of copper tungstate by formal
reaction VCuVO + VIW!'O;—-VCuV'W?®30Q, decreases
formal CNfy from 4 to 8/3 in comparison with CuO,
but increases one from 2 to 8/3 according to WOs. The
formal CNo value is calculated from an electrical
neutrality of the lattice: (2%/4) + (6*/6)+ 2 (27/CN'o) =
0, whence CN', =8/3. Obviously, the O* ions are
characterized by the integer CNo= 2 or 3. The
proportion of "O%*ions (X) with CNo=2 is calculated
from the equality 2X + 3(1-X) = 8/3, whence X =1/3,
and the proportion of "MOZXions is 2/3. Then, a
probability of the "™Cu-"O —Y'W (bond) species
formation in CuWOy lattice is equal W=1/2 1/3 =1/6,
i.e. [VCu- "O —V'"W] < 1/6 [Cus®']. With existence of
such species on the surface, the —Cu,-""O" sites could be
more active in comparison with pure CuO.

In work [12] the crystalline dark gray CuWOg4
samples from copper nitrate and sodium tungstate have
been obtained as effective photocatalyst (E; ~ 2.2 eV).
In calculated lattice, the double [CuO4] squares and
[WOs] octahedrons are present [12], i.e. Cu?>" and W¢"
ions keep their coordination numbers in the structure
of mixed oxide. Also, the proportion of YCu-"O — V'W
structures in the lattice is equal to 1/3 [12].

In Fig. 2 and Table 3 the results of testing mixed
oxides supported by alumina are presented. All
prepared mixed oxides, including CuO-WO3/AlL0s,
are more active in comparison with individual
supported oxides (Table 1, 3). Quite unexpected for us
were the successful combinations of Bi»O3 and MoO;
with SnO,, and WO3; and MoOs with CuO (Fig. 2,
Table 3). We also managed to synthesize a quite good
composition of CuO-CrOs on AlO; that oxidizes
cyclohexanol into cyclohexanone at 110°C without its
dehydration in fact (Fig. 2). Also, this sample catalyzes
the oxidation of ethylene glycol — methanol vapour
mixture into methyl glycolate at 200°C with high
selectivity [14].
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Fig.2. TPR profiles of cyclohexanol oxidation on mixed supported oxides: 44 a.u.m. — CO2; 54 aum. —
cyclohexene; 55 a.u.m. — cyclohexanone; 57 a.u.m. - cyclohexanol.

Table 3. Temperatures of peak formation of cyclohexanone (Tm>) and cyclohexene
(Tm™) from cyclohexanol adsorbed on mixed supported oxides

Sample Tw35, °C T, °C T4 °oC*
CuO-TiO2/Al,03 160 160 >240
CuO-Cr203/Al20s 155 155 >260
CuO-CrOs/Al,03 110 210 >260
CuO-Fe203/Al.03 140 140 >250
CuO-Mo00s/Aly04 200 200 >240
CuO-WO3/AlLO;3 150 150 >200
Mo0O3-SnO,/Al203 150 150 >270
Bi203-Sn0O,/Al,05 165 165 >250

*) temperature of CO, formation

The TPR experiments show that CuO- tetrahedron the 4s and 4px, 4py, 4p; orbitals of Cu?* are

Cr,03/Al,O3 sample with spinel structure of supported
CuCr;04 ([CuO4]¢ tetrahedra) is more active in
cyclohexanol oxidation (T>® =155°C) than CuO/Al,O3
with flat [CuO4] ¢ squares (Tn>® = 235°C) (Table 1, 3).
lon Cu?* has 9 electrons at 3d level, and for forming 4
c-bonds in square of [CuO4]® are suitable 3dx-y2, 4s
and 4py, 4py orbitals [13]. For forming [CuO.]®

suitable only [13]. An O? ion with 8 electrons at 2s,
2p levels forms 4 equal o-bonds at sp3-hybridization.
The electrons density is shifted to more electronegative
oxygen atoms. As energy of 4p level is higher than 3d
one [13], the Cusq —O bond is stronger than Cuer—O
according to the experiment (Table 3).

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33
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Conclusions

TPR method with mass-spectrometric control of
reaction products is useful for the study of oxidizing
reactions on oxides. Some individual oxides supported
on alumina and silica oxidize cyclohexanol into
cyclohexanone at 130 - 240°C. Their activity
decreases in the following order: MoOs/Al0; >
V205/Si0; > Fe;03/Al,03 > Bi:0s/Al03 > TiO2/Si0; =
CeO2/Al;03> TiO,/Al,O3 > SnO,/AlOs.

Some mixed oxides, especially CuO-CrOs/Al,Os,
CUO-MOOs/A|203, MOOs-SﬂOz/A|203, Bi203fsn02
/Al>,03, are more active in the cyclohexanol oxidation
and could be applied for selective oxidation of other
alcohols including glycerol and ethylene glycol. In
search of a suitable catalyst, a coordination number of
O? as well as Me™ ions in oxide framework could be
taken into account.
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OkucHeHHsI Ha HOBerHi OKCI/I)IiB: TEPMOIIPOrpaMoOBaHEC OKHUCHCHHSA MUKJIOICKCAHOJIY

Bosogumup B. Bbpeii, Citiana I. JleBuubka, Citnana B. Ilpyaiyc

Tucmumym copoyii ma npoonem endoexonozii HAH Yxpainu, eya. I'enepana Haymosa, 13; Kuis, 03164, Yxpaina
brei@ukr.net

Merton TepmorporpamoBanoi peakiii (TTIP) 3 Mac-crieKTpoMeTpHYHUM KOHTPOJIEM MPOAYKTIB 3aCTOCOBAHO IS
TOCTIDKEHHS peakilii OKHCHEHHS IUKIOTeKCaHOIy JO0 MHUKIOTeKCAHOHY Ha 1HIWBIAYaJ bHHUX Ta 3MIMIAHUX OKCHIAX,
HaHeceHux Ha y-Al;Oz ta cuinikarens. B 3apeectpoBanux TIIP npodinsx OKMCHEHHs IUKIOTEKCAHONy TeMIeparypa
MaKCHU-MaJIbHOI INBUAKOCTI YTBOPEHHS HUKJIOrekcaHoHy (55 a.o.M.) smiHoerscs Big 125°C ams MoOs/AlOs mo
235°C mst menm aktusHoro CuO/Al,Os, mio Bifmosigae 3MmiHi eHeprii akTuBarii peakmii Big 19.9 mo 25.4 KKa/MoIb.
B TIIP mac-cmekTpax CIIOCTEPIraroThCsi TaKOK KM YTBOPEHHS LUKIOTeKceHy (54, 67 a.0.M.), SIK TPOAYKTY
nerigparanii nukiorecanony, ta CO2 (44 a.0.M.), SIK MPOIYKTY HOro MOBHOTO OKHCHEHHS 3a Temmepatyp > 200°C.
KaraniTnana akTHUBHICTh HaHECEHHX IHAMBIAYAIFHUX OKCHIIB MIOAO YTBOPEHHS LUKIOTEKCAHOHY 3MEHIIYETHCS B
psny MoO3/Al,O3 > V-0s5/Si0, > Fe,0s/AlO3 > BirOs/AlO3 > TiO,/Si0s = CeO,/AlO3 > TiO,/AlO3 > SnO./ALLOs.
OcKinbKH «peakiiifHui» KuceHb B yMoBax Hamoro TIIP ekcriepuMeHTy MOXe MOCTa4aTUCh TUTBKU TPaTKOI0 OKCHIY,
iX aKTHBHICTH OOYMOBITIOETHCS Pi3HOIO eHepriero moBepxHeBux Me — O 3B’s3KiB. 3amporoHOBaHO MiAXiJ O MOIIYKY
3MiIIAHMX AKTUBHHX OKCHJIB, IO 0a3yeThCs HAa 3MEHLICHHI KOOPAMHALIMHOro umucna ionis O, AKuii miaTBepIKeHO
na mpukiaaai CuO-WOs/AlLO; katamizaTtopa. BeraHoBieHo, 1o 3mimmani okcuad, Haneceni Ha y-Al,O3z, ocobnuBo,
CuO-CrO3/Al,03, CuO-Mo03 /Al,03, M003-Sn0O,/Al,03 Tta Bi0:—Sn0,/Al;03, € 6inmbin aktuBHuMU B CgH120 +
1/20; — CeH100 + H20 oxkwucHenni. Crin 3a3Haunrty, mo cunte3oBanuii CuO-CrOs/Al,O3 karamizatop 3abesmneuye
YTBOPEHHSI ITUKJIOTeKCAaHOHY MpPaKTHYHO 0e3 MOOIYHOI Jerimparaiii MUKIOTeKCaHOy 1 MOXe 3aCTOCOBYBATHUCH IS
OKHMCHEHHSI €THJICHIITIKOIO 3 MeTaHOIoM 10 Metwiriikonaty. TIIP excriepument mokasye, mo CuO-Cr.03/Al,O3 3
IIITHENBHOK CTPYKTyporo HaHeceHoro CuCr,04 ([CUO4]®™ Terpaenpu, Cu?* 4s4p3-riGpuamsanis) € OGilbII AKTHBHEM B
okucHenHi mukiorekcanony (Tm>® =155°C), mikx CuO/Al,O; 3 mnackumm [CuO4]® kBagparamu, Cu®* 3d4sdp?-
riopuamsanis (Tr*® =235°C). Lle nosicHroeTbes Menmoro enepricro Cu-O 38’s3kiB pu 4s4p®-ri6puausanii ionis Cu?”,

Knrouosi cnoesa: FeTepOFCHHI/Iﬁ KaTaJ'IiS, OKHMCHCHHA Ha OKCHAaX, HaHECEHI KaTaJ'Ii3aTOpI/I, 3MIIIaH1 OKCHUIn
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Po3po0JieHHs1 KaTAMI3aTOPIB O/1eP:KAHHS BUIIUX BYIJICBOJAHIB 3 TiOKCHUILY
BYIJICII0

Amnpapiii 1. Tpunoabebkuii

Incmumym ghizuunoi ximii im. JI.B. [Tucapacescoroeo HAH Yrpainu
npocnexkm Hayxu, 31, Kuig-28, 03028 Vkpaina,; atripolski@gmail.com

Cmamms npucesuena po3pobyi kamanizamopa cunmesy UIUX 8y21e800Hi6 3 dioKkcudy gyaneyio ma eoowio. Ile-
pemeopents naprukogoco eazy COq 6 Ximiuni peuosunu 3 000AHOI 8APMICIIO CAPUAE He MIIbKU SUDIUEHHIO eKO-
JIO2IYHUX 3a0ay, a 1l OMPUMAHHIO YiHHO20 naiusa. Kamanizamopu, wo € akmusnumu 6 peaxyii 2iopysanna CO, 3a36u-
yaii akmueni i ¢ eiopysanni CO,. Hailbinbury axmusHnicms 6 npoyeci 2iopysants 0iokcudy gyeieyro sUseisioms nepe-
XIOHI Memanu, 8 NPUCYIMHOCI AKUX YIMBOPIOEMbCL 8 OCHOBHOMY MEeMmAaH Ma HeGeIuKa KilbKiCib MOHOOKCUOY 8yaile-
yro. Buguennsa xinemuxu peakyii 2iopysants 0iokcuody yeneyto 003601UN0 BCHMAHOBUMU MEXAHI3M NPoYecy 8 NPUcym-
HOCMi nepexioHux mMemanie i guAsUmMuU Oe3nepCneKmusHiCms BUKOPUCAHHA MAKUX KAMATIMUYHUX CUCHeM 015 CUH-
me3y 8y21e800HI6 WLIAXOM NPOMIJICHO20 YIMBOPEHHS MOHOOKCUOY gyeneyto. B pobomi noxasano, wo 6invw egpexmus-
HUM MemoooM CUHME3Y BUWUX 8Y2le800HI8 Modce Oymu npoyec 2i0py8anHs 0IOKCUOY 8y2ieyio Y MemaHo, 3 to2o
nodanvuorw deziopamayiero. Cunmes memarnoiny 3 2azosux cymiwet H, CO ma CO3 pizHo20 ckiady y npucymHocmi
NPOMUCTOBUX KAMANI3AmMopie 8i00y8aAembCsi 3a OOHUM MAKPOCKONIYHUM Mmapupymom, eionoerenuss COo, i cynpo-
B00XCYEMBCA 360POMHOI0 PEAKUYIEID 800SH020 3¢Y8Y. ToMy 2a3o8i cymiuti pi3HO20 CKIAOY MOXCYMb OYMU BUKOPUCTA-
HI K CUpOBUHA O 8UPOOHUYMEa Memanony. bazyouucy Ha enacHux ma nimepamypuux OaHux 0y10 8CMAHOBIEHO
3AKOHOMIpHOCMI peakyii 2i0pysanHs 0ioKcudy gyeneyio, wo 003601UN0 POPOOUMU CKIAOHUL KAMA3amop CUuHmesy
BUUX 8Y2TIeB00HIB 3 JIOKCUAY ByeNieyio ma 800HI0. 3anponoHO8aHUIl KAMATI3AMOP NOECOHYE 61ACMUBOCIE KAMAI3a-
mopie cuHmesy oKcueeHamis 3 0iokcuody gyeneyro, ma npoyecie OMpUMAarHs 8y21e800HI8 3 MEMAHOLY Ma IHWUX CRUup-
mis. Ilpogedeno cunmes UWUX 8V2NeB0OHIE 3 NEPEGAICHUM BMICIOM 8Y2N€800HIE PO32ANYIHCEHOT 6)Y008U HA PO3POD-
JeHoMY OiDYHKYIOHANbHOMY KAmanizamopi ma eionpaybosani yMosu npo8edeHHs NPoyecy.

Knrouoei cnosa: miokcup BYTIEINIO, TiApOreHi3allis, BUILI BYTIeBOIHI, Oi(hyHKITIOHATHHHNA KaTami3aTop

Jliokcul BYIJICHIO € BiIXOAOM CY4YaCHHX TEXHO-
JOTi#, SKWH YTUII3YEThCS JHIIE B HE3HAYHIM Mipi.
IleperBopenns mapuukoBoro razy CO. B ximiuHi pe-
YOBMHHU 1 MaJMBO 3 JOJAHOK BapTICTIO HE TUIBKU
cnpusie ckopodeHHio BukUIiB CO», ane i 3abe3mneuye
OTPUMAaHHS IIHHOTO IajuBa i, TAKUM YUHOM, ITiIBH-
IIy€e €HEepPreTU4Hy Oe3NeKy B CBIiTIIi BUCHAXKEHHS BH-
KOIHUX PeCcypciB 1 KonmuBaHHs IiH Ha Hadrty [1-4].
[leperBopenns CO; B HacH4EHi ByIJIEBOJHI B HAIIl Yac
po3risgaeTses s 30alaHCyBaHHS MMOTEHLIMHOI Hax-
JIUIIKOBOT TIOTY>KHOCTI, 1110 BUHUKAE B PE3YJIbTATI KO-
JMUBaHb BUPOOHWITBA €JICKTPOEHEPTii 3 BiJIHOBIIOBA-
HUX NEPBUHHUX pKepen. OTpuMaHy Hpu [bOMY Hal-
JIUIIKOBY €JIEKTPOCHEPTil0, ITPOIOHYETHCSI BHKOPHC-
TOBYBAaTH JJIsl €JIEKTPOJII3Y BOAM Uit BUpoOieHHs Ho.
AxtuBarist CO, Ta ¥ioro rigporenizaiis 10 BYTJIeBO/I-
HIB a00 CHHPTIB € CKJIaJHUM 3aBIaHHSIM, OCKIIBKH
CO; € TepMoauHAMIYHO CTaOIBHOIO Ta XIMIYHO iHEp-
THOIO Mouiekysioro [5]. CnabOka afcopOiist MOJNEKyId
CO. cmpuse mBHAKIA TigporeHizamii MOBEpPXHEBO-
aJIcopOOBaHMUX TMPOMDKHUX MPOAYKTIB, IO TPU3BO-
JMTh JI0 YTBOPEHHS METaHy 1 3HWKEHHsS NPHPOCTY
nanitora [6]. BinbmricTs A0CTIA- )KE€Hb HA CHOTOIHIII-
Hill JIeHb TPHUCBAYCHO B OCHOBHOMY CEJIEKTHBHOMY
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yrBopenHio 3 CO; takux npoaykriB takux sik CO [5,
6], CHsOH [7-9], HCOOH [10], CH4 [11] Tta C2-C4
onedinie [12, 13], B TOit Yac K OAEPKAHHIO BHUIIHX
BYIJICBOJHIB 3 JIIOKCHUY BYIJICHIO MPUAUIAETHCS Majo
yBaru [14, 15].

CO; Moxe OyTH BiIHOBIIGHO IO BYTJIEBOIHIB
aBoma tsixamu. [epmuit nuwsix (CO,- FTS), e Bia-
HoenenHss CO; 1o CO (T.3B. 3BOPOTHA peaxiisi BOJs-
HOTO 3CyBY) 1 nogansie rigpysanss CO no ByrineBoa-
HiB (cunre3 dimepa-Tpommra) [16]. dpyruit nuisax -
nependavyae MPOMiKHE YyTBOpPEeHHs MeTaHoiy [17].
[epmmii mUIAX TEXHOIOTIYHO Oijb MPOCTHH, ane MpH
IbOMY OCHOBHHMMH TpoaykTamu € CO Ta Jjierki mapa-
¢inu [18]. ByrneBoani 6eH3MHOBOT Ta TacoBoi (pak-
Iif, SIK TPaBWIIO, BUPOOJSIFOTECS abo 3 CHHTE3-Tazy
yepe3 mporec Dimepa-Tpormina, ado 3 MeraHomy -
MTG nponec [19]. [Ipouec cuHTe3y BYrieBoaHIB OeH-
3MHOBOT Ta TM3eNBHOI (PpaKIlii MUITXOM IPSMOI T1Ipo-
renizanii CO; Ha AaHW 4Yac HE peaNi30BaHUN y TPO-
MHCJIOBOMY MaclITaoi.

Bimomo, 1o kaTamizaTopu, 1110 € aKTHBHUMU B pe-
akuii rizpyBanns CO, 3a3BU4ait aKTHBHI 1 B TJIpyBaHHI
CO,. Kpamumu kataiizaropaMy IpoOLECy TiIpyBaHHS
JOKCHTy BYTJICIIO € KaTaJli3aTOpy Ha OCHOBI Mepexif-
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HMX METajiB. HiKelb, KOOanbT, 3aii30. HalOuIbIn BuU-
BUYCHUM KaTalsizaTopoM TrigpyBanHs CO; € Hikenb, Ha
SIKOMY BIIepIIe Oyna 3[iCHeHa peakilisl TiApyBaHHSI
niokeuay Byriemto. Y 1902 pori Cabarke Ta Canzep-
con [20] BCTaHOBW/IM, IO HAa BiAHOBICHOMY HiKei
CTeXiOMETpHYHa CYMIlll JIOKCHIY BYIJICLIO 3 BOJHEM
B32€MOJII€ 3 JOCTATHHOIO MIBUAKICTIO 33 TEMIIEpaTypH
230°C 3 yTBOpeHHsIM MeTaHy Ta BoaH, a 3a 300°C rin-
pyBaHHSA niepebirae JOCUTh IIBUKO.

BuB4eHHI0 mporecy riApyBaHHS A1OKCHIY BYTJie-
IO B MPUCYTHOCTI KaTaji3aTtopiB Ha ocHOBI Ni mpuc-
Bss4eHO Oararo pobGir. B pobGori [21], B siKiii BUBUEHO
AKTUBHICTh HIKEII0, HAHECCHOTO Ha Pi3HI HOCIT; Mak-
CUMajJbHy aKTUBHICTb BUsBIsE€ Ni, HaHECEHHH Ha
Cr203. Ha ocHOBI HiKeIb-XpOMOBOTO KOHTAKTy PO3pPO-
OJICHO KaTami3aTop I OYHUCTKH a30THO-BOIHEBOI
cymimn Big momimok CO: y mpoueci cuntesy NHj
[22].

Karamxizatopu Ha ocHOBI Co MpOSBISAIOTH MEHIITY
aKTHBHICTh HIX HikeseBi. [Ipogykramu peakuii Tigpy-
BaHHs1 CO; Ha Co-KaTammizaTopax MOXKYyTh OyTH MeTaH i
MOHOOKcHI Byrueito [23]. 3ai1i30 € TakoX aKkTHBHHM B
peakuii rigpyBanas COpz, pHu BOMY BHUSBIISIE BUCOKY
CENICKTUBHICTh 3a ByrJIeBOMHAMH Co+, Y TIOPIBHSHHI 3
IHIIMMHA KaTalli3aTopaMy Ha OCHOBI MEpPeXiqHIX MeTa-
7iB [24]. AKTHUBHHMH € TaKOX KaTali3aTOPH Ha OCHOBI
METaJIiB IUIATHHOBOI rpymu. Y poboti [25] BuBUeHO
AKTUBHICTh Ta CEJICKTUBHICTH POJIiI0, HAHECEHOTO Ha
okcuau MeramiB: AlOs3, MgO, Nb2Os, ZrO;, TiO..
[Tokazano, mo Ha kataiizaropax Rh/MgO Tta Rh/ZrOa,
YTBOPIOEThCS TONOBHUM 4nHOM MeTaH. Ha Rh/AlO3
ta Rh/Nb,Os omHOYacHO 3 METaHOM BHSBIEHO YTBO-
pPEeHHSI MOHOOKCHAY Byruemoo. Ha iHmmx karamizaro-
pax, OKpiM IMX MPOJIYKTIiB, CIIOCTEPIraal TaKOX YTBO-
PEHHS METaHOUTY.

Haneceni karajizaTropu Ha OCHOBi ruiatuHu [26]
TAaKOXX CHPUSIOTh YTBOPEHHIO METaHy Ta METaHOIY.
Haii0inplry axTHBHICTH BHSBISIFOTH —KaTalli3aTOPH
Pt/Nb,Os Ta Pt/ZrO».

Ha migcraBi ganux pobotu [27] MoxHa cKiacTH
TaKW| psiJi aKTHBHOCTI METAJEBUX KaTaii3aTopiB, Ha-
HeceHnX Ha Al>Os, B peakiii TigpyBaHHS HIOKCHIY
Byruemto: Ni > Rh > Ru > Cu > Pt > Pd > Re. B npu-
CYTHOCTI HIKEJIO Ta poJiito MpoaykToM € metad. Ha Cu
YTBOPIOETHCS TUIBKM MOHOOKCHJ BYTJICIIO, HA IHIIUX
karanizatopax nopsza 3 CHs yrBoproerses Takox CO.

He nauBnsynch Ha JOCUTH BEIUKY KIJIBKICTh
JIOCITIJDKEHbB B JIiTEpaTypi HEMa€e €IMHOT TOYKH 30py Ha
MeXaHi3M TigpyBaHHS AIOKCUAY Byrjemto. binmbmiicts
aBTOpiB BBaxkae, 1o MertanyBaHHS CO. BijOyBa€eThbCs
yepe3 #oro mucouiatuBHy anacop6Omiro g0 CO i
ATOMapHOTO KHCHIO, MMOAAJIBIN CTaJil CIiBIAAA0Th 3i
cragismu TigpyBanHs CO, He NiATBEPIKYIOUU L€
EKCTIEPUMEHTAILHUMH JIAHHUMHU.

Hamu pociipkeHO AeTaabHUM MEXaHI3M Tiapy-
BaHHs JAIOKCHy BYTJIELIO Ha KaTajli3aTopax Ha OCHOBI
nepexigaux metaniB VI rpymu, sikuii oOrpyHTOBaHO

32 JomoMmoror  azacopomiitHoro,  IY-cmektpo-
CKOIIIYHOTO Ta KiHeTn4Horo MetoniB [28-33]. doci-
mxeHHs amcop6rtii CO; Ha MepexiTHIX MeTajlaX METo-
mamu rpasimerpii Ta [Y-cmektpockorii B yMoBax,
ONMU3BKUX IO YMOB KaTaji3y, BCTAHOBIEHO, 1[0 HA BCiX
JOCIIDKEHUX KaTajizaTopax aacop6uis CO» Ha MeTtani
He BinOyBaeThes, a CO2 aacopOyeTscsi HA HOCIT y BH-
T[] IOBEPXHEBOTo KapOoHaty. B Toi xe uac, y npu-
cytHocTi Hy miokcna Byriemro B3a€EMOJi€ 3 METaJIOM.
Taxum guaoMm, CO; B3aeMOZI€ 3 TTOBEPXHEIO TTEPEXil-
HHUX METaJIiB, TIONIEPEHB0 HACHYCHHUX BOIHEM, 3 YTBO-
PEHHSM TIOBEPXHEBHUX KOMIUIEKCIB, 10 CKJaxy SKHX
BXOIWTH BoJeHb [33].

3a pesympTaTaMH JOCTIKEHb KIHETHKH PEeaKilii
TiApyBaHHA TIOKCHIY BYTJICLO Ta afcopOLil BUXiAHUX
pearcHTiB Ha MEpeXiJHUX MeTanax 3ampolOHOBAHO
ymapauii (3a COz) MexaHI3M I KaTalli3aTopiB Ha
ocHoBi mepexiauux metaniB [30-32]. YTBOopeHHS Me-
TaHy B MPOIIECi T1IPYBaHHS TIOKCUAY BYTJIEIIO MOXE
BiIOyBaTHCS 3a PI3HUMH CXEMaMU: TOCIIiIOBHO, Tapa-
nenpHO abo TapasensHO-TOCTiA0BHO. byno BcTaHOB-
JICHO, 110 30inbleHHs KoHueHTpamnii CO B peakiiiHii
CyMillli IPU3BOJUTH JO MOSBU B MPOAYKTAaX peaKIii
romosoris mMerany (Cz+), IpUUOMy WIBHUAKICTH yTBO-
peHHs ByrieBoAHIB Co+ HE 3aJIC)KHUTh BiJl KOHIICHTpALIil
CO,. CrniBcraBienHs: mBuakocteii MmeranyBanHs CO;
ta CO nokazaio, mo mBuakicts yreoperas CHy 3 CO;
Bumia, HiX 3 CO. TakuM 9uHOM YTBOpPEHHS METaHy 1
MOHOOKCHUy BYTJICIIO 3 JIOKCHIY BYIJICIIO BinOyBa-
€THCS 32 PI3HUMH MapuIpyTaMd. 3TiTHO 3 TEPIINM
MapIIpyTOM 3 JIOKCHIY BYTJICIFO YTBOPIOETHCS TLIBKU
MeTaH 0e3 mpomixkuHoro yrsopenHs CO. Monookcun
BYIJICIIO YTBOPIOETHCS TUILKU 110 PYroMy KiHETHYHO
HE3aJIeKHOMY Mapmpyty, B nopamemomy CO abo
JecopOyeThCs B Ta30BY a3y, abo 10 TPEThOMY Mapiii-
PYTY TiapyeTbesi y ByrieBoaHi. Ha ocHOBI MexaHizmy
OTpUMaHa KiHETHYHA MOJIeNb IPOIECY TiJApyBaHHS,
sKa aJeKBaTHO OIHCYE BCi O/IEpXaHI EKCIEepPHMEH-
TaybHi AaHi. Mexani3um ripyBanas CO; B 3araibHOMY

BUTJISIII OITUCYETHCS CXEMOIO!

Co, ZCHOH —#=CH,

N

ZCOZH —® 7COH

Z,CO,H, = ZH,CO,H,

* ZHCOH
co
ZX, —® CH
ZHCOH

ZX, > CiHy
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Hocnimxenns npouecy rigpysanns CO; y npucy-
THOCTI KaTaji3aTopiB Ha OCHOBI IEPEXiTHUX METalliB
J03BOJIMJIO BCTaHOBUTH [33], 1m0 CHHTE3 MeTaHy i3
CO. BigOyBa€eThCs 3a IBOMa HE3UICKHUMH MapIIpy-
TaMH:

e  0OesmocepenHno 3 giokcuay Byraemto (I) abo
e  yepe3 MPOMIKHE YTBOPSHHS MOHOOKCH/TY BYT-
nerrro (11, II1).

CH,

L

co —— CyHy

co,

LV -7
~
~ -

CXOYH Zl

CuHTE3 TOMOJIOTIB METaHy Iiepedirae TIMBKH TIO
JIPYroMy MapuipyTy TOOTO 4Yepe3 MPOMiKHE YTBO-
peunst CO (11, IV). CuHre3 BHIIMX BYTJICBOIHIB M-
MUM [UIIXOM € Majoe()eKTUBHUM, OCKIUIBKH IIBU-
KicTh crajii MmetanyBaHHs CO; OUTbIIA HIXK MIBUAKICTH
3BOPOTHOI peakuii BoasHoro 3cyBy (ctanis II). Tepmo-
JMHaMivYHA MMOBIpHICTH yTBOpeHHs Merany 3 CO,
sHauno Bumia Hix 3 CO [28] (Tabmn.1). B Toit ke yac,
SK BUIUITMBAE 3 JaHUX Tabmumi 1, TepMmommHamidHA
BipOTiIHICTb YTBOPEHHS METaHONIY 3 JIOKCHAY BYTJie-
L0 IOCTaTHHO BHCOKA 338 HU3BKUX TEMIIEPaTYP.

Tabnuis 1. 3HayeHHs craHaapTHUX 3MiH eHepriii I'i60ca (AG,) Ta koHcTanTu piBHoBaru (Kpi)
peakuiii CHs, CO i MeTaHoJ1y 3 Ti0KCHIY BYTJIELIO0.

.. | Po3paxyHkoBi ma- Temmeparypa, K

Pearui ppal\};eTpI/I 300 400 500 F yespoo 700 800
" AGP, x[lx/Moms | 11335 | -9531 | -76.05 | -55.97 | -35.13 13.89

Kp, aTm™2 56-10° | 2.8-102 | 8.9-107 | 7.5-10° | 4.2:10 8.1

AGY, x[lx/Moms | 910 8.31 7.06 4.98 2.61 0.66

(0 Kp 0.026 | 0.082 | 0183 | 0.368 0.638 0.905
V) AGY, k[lx/moms | 3,60 | 2450 | 4150 | 60,50 82,60 107,80
Kp, (atm)? 24107 | 63-10% | 4,6:102 | 54102 | 6,9-107 | 9,2:10°8

OTxe, CHHTE3 BUIIMX BYTJICBOJHIB € OLIbII edhek-
THUBHUM 4Ye€pe3 yTBOPECHHS METAHOIY B SKOCTI MPOMIXK-
HOI CITOJIyKH 3 BHKOPHUCTAHHSM MOMi(YHKIIIOHATEHUX
karajiizaTopiB. [Iporec cuUHTE3y BYIJICBOIHIB dYepes
KHCHEBMICHI CIIOJyKH (METaHOJI Ta BUILI CIHUPTH), SKi
MOXKHA JIETiIpaTyBaTH JIO BYIJIEBOJIHIB JIOCTATHBHO
noope BuBueHO [34].

CuHTe3 MeTaHONy 3 CHHTE3-Ta3y OJWH 3 Haii-
OLIBIN BiATIPAIIbOBAaHUX IMPOMUCIIOBUX IPOIECIB, SIKi
nepediraroTh y MPHUCYTHOCTI OKCHUIHHX KaTalli3aTopiB
[35]. Beranosieno [36-38], 1m0 Ha OKCHIHHX KaTai-
3aTopax, 30KpeMa Ha MiJHHX, CHHTE3 METaHOJy Bif0y-
BAETHCS Yepe3 YTBOPEHHS MIOKCHIY BYTJIELIO, SIKHHA
MPUCYTHIN y BUXIiJHIN cyMimni abo YTBOPIOEThCS 3a
pEaKIli€r0 BOASHOTO 3CYBY. TakMM YHHOM, CHHTE3
MeTtaHony 3 rasoBux cymimeid Hz, CO ta COz y
MPUCYTHOCTI POMHUCIIOBUX KaTasli3aTopiB BigOyBa€eTh-
csl 32 OJIHUM MaKpOCKOIYHHM MaplIpyTOM BiJIHOB-
neHHs COgz, 1 CYIpPOBOUKYEThCS PEAKIIIE KOHBEPCii
CO 3 Bozot0. 3 IBOTO BUILIMBAE, M0 Tra30Bi cyMimti Ho,
CO ta CO: (Takox 3a moBHOI BifcyTHOCTI CO BKIIIOY-
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HO) MOXYTh OyTH BHKOPHCTaHi JIsi BUPOOHHIITBA Me-

TaHOIY.
Jnst cuntesy meranony [35,39] 3a3Buvaii BUKopuc-
TOBYIOTh ~OKCHUJHHMH ITMHKXPOMOBHUH  KaTali3zaTop

(Zn0O-Cr203), sikuii MPOSIBIIsiE HEBUCOKY aKTHBHICTH 3a
temmneparypu (350-450°C) i Tucky (25-75MlIla). byno
pO3po0JIeHO OB AaKTUBHMIM KaTajai3aTop Ha OCHOBI
LIMHKY Ta MiJi, HAHECCHUX Ha OKCHJHU aJIOMIiHiI0 abo
XpoMy. YMOBH CHHTE3Y Ha TAKOMY KaTaJlizaTopi Ol
M’ski [35]: Temmepatypa 250-300°C, tuck 4-6 Mlla.
CyuacHi NMPOMHCIIOBI YCTaHOBKH CHHTE3Y METaHOIy
0a3yI0ThCA BUKIIIOYHO HA BUKOPUCTAHHI MiTHO-IIMHK-
XPOMOBOT'O Karaiizatopy. Y HPUCYTHOCTI HMPOMHUCIIO-
BOI'0 KarajizaTopa 3a0e3leuyeThCsi BMICT METaHOIY B
opranivHii yactuHi cupiro - 99.6-99.8% [35].
OCKiNbKH KiHLIEBOIO METOI0 OYJO oJep)KaHHS BYT-
JICBOJIHIB, @ METAHOJI € TUIBKU MPOMI>KHOIO CIIOIYKOIO,
JOCSTHEHHSI MAKCHUMAJIBHOI CEJIEKTUBHOCTI 32 METaHO-
JIOM Ha mepuiil crazii mpouecy He € 0OOB’SI3KOBHM.
MoxHa nependayuTH, 10 YTBOPEHHS MOPA] 3 MeTa-
HOJIOM BHIIMX CHHPTIB MOXE TPU3BECTH JI0 POCTY



Kamaniz ma nagpmoximin, 2022, Ne33

13

CEJICKTUBHOCTI TIPOIleCy B IJIOMY IO BYTJICBOIHSX,
OCKUTBKM BHWII[i CIHPTH BiJHOBIIOKOTHCS [0 BHIUX
BYTJICBOJIHIB 3HAYHO JICTTIIE.

Bigomo [40], o Ha 6a3i CHHTE3y METaHOJy PO3-
poOJIeHO KaTali3aTOpH CHUHTE3y BHIIMX CIHUPTIB, abo
TOYHIIIE CHHTE3Y METaHONy 3 MiJBULICHUM BHXOAOM
Bumux cuuptiB. @ipma “Vulkan” (CLLA) 3midicHma
MOJIU(IKOBaHUI METaHOIBHHUI MPOLIEC HA KaTaji3aTo-
pi ZnO-Cr,03-K,0 3a Tucky 1.5 Mlla i Temneparypu
300-420°C. IMponykT cknanascs Ha 10-20% 3i cimpriB
Co+. @ipma “Snam-Progetti” (Itamist) 8 1980 pomi 3a-
MaTeHTyBasla MOMiIOHUH Ipoliec Ha TOMY CaMOMY Kara-
mizaropi, ane 3a Tucky 26 Mlla. [Ipogykt mictus 20-
30% cmuptiB Cp+. B 3amexsocTi Big KaramizaTopa i
YMOB MpPOBEIEHHS NPOLECY OACPKYIOTh METaHON 3
HU3BKUM (3-5%) 1 Bucokum (30-60%) BMicTOM croup-
TiB Ca+. Po3po6iieno nporiec [41,42] 3 BUKOPUCTAHHIM
0araToOKOMITIOHEHTHOT'O KaTtaii3zaTopa, mo Mictuth Cu,
Co Tta K»0 3 no6asxkamu Al, Cr, Zn, Fe, V, Mn. 3anex-
HO BiJ] CITiBBiTHOIIIEHHSI KOMIIOHEHTIB MOKHA OJIEPXKY-
BaTH MpoAyKT 3 BMicToM 10-60% cnuptis Co+ 3a TaKHX
yMoB: THUCK 6-10 MIla, temmeparypa 260-320°C Ta
06’emua mBuakicts 3000-6000 rox’. Awmanoriunuii
mpotiec po3pobierno Ha ocHoBi Zn-Cr-K;O karamiza-
TOpa 3 IOMIIIKaMH pi3HUX Moaudikaropis [43].

[epeTBOopenHs: MeTaHony B ByriieBogHi Co+ MOXK-
JUBE B MPUCYTHOCTI KaTani3aTOpiB KUCIOTHOI MPUPO-
au [35, 44]. CenexktuBHuii cuHTE3 BYriaeBoaHIB Cos 3
METaHOJYy y TPUCYTHOCTI KaTaji3aTOpiB Ha OCHOBI
neonitiB ZSM-5 Oyno Bmeprie po3po0diieHo ¢hipMoro
“Mobil” [35, 43,44,45]. Bymno migibpaHo 1eomiTH, SKi
KaTali3yl0Th CEJICKTHBHE MEPETBOPEHHS METaHOIy 3a

temmeparypu 370°C i1 tucky 1.5 MIla y cymim amiga-
THYHUX Ta AapOMAaTHYHHUX BYTJIEBOJIHIB II€PEBa’KHO
6ensnnoBoi dpaxirii (Cs-Cio).

Bapiant nponecy “Mobil” [46] Bkimovae nBi cra-
Iii 3 BHKOPHUCTAHHSM [IBOX PEAKTOPIB 3 HEPYXOMHM
mapoM KaramizaTopa. B mepmomy peakTopi 3Haxo-
JIUTHCSl KaTami3aTtop, Ha SKOMYy mepelirae TiJlbKH Jeri-
Ipatariss MeTaHoiy B guMmerwioBuid edip. pyrwmii
peakTop 3amoBHEHHH 1eoritom ZSM-5, B skoMy Bif-
OyBa€eThCs IEPETBOPEHHSI Y BYTJICBOIHI AUMETHIOBOTO
edipy Ta MeTaHoIy, IO HE MPOPEaryBas.

Buxonsgum 3 icCHYIOUHMX JaHUX, MOXIIUBE MOEJ-
HaHHA MPOLECIB CUHTE3y METAaHOIy Ta NEePETBOPEHHS
MeTaHoJy B ByriieBoaHI Cp+. OCHOBHA mpobJieMa CHH-
Te3y BYTJIEBOJIHIB 3 JIOKCHIY BYTJIEIIO Yepe3 MPOMiK-
HE YTBOPEHHS METaHOJy TOJsATae y po3poOIeHHi mo-
7i(61)pyHKIIOHAIFHOTO KaTallizaTopa Ul peaizamii
CIIOJyYEeHHX IIPOLIECiB B OTHOMY peakTopi. Jlist cTBo-
peHHs e(eKTHBHOTO KaTali3aTopa CHHTE3Y BYTJIEBOI-
HIB MAaJUBHOTO TUIY 3 JAIOKCHUIY BYIJICIIO HAMU Oya
BUOpaHa KOMITO3UILis, 0 MicTuTh okcuau Cu, Zn, Cr
Ta reoniT. KaTamizarop € ¢i3nyHOI0 CyMIIIIITO KaTati-
3aTopa ojJep KaHHsS BHUIIUX CIUPTIB Ta Heomity ZSM-
11, mogudikoBaHOro 3a1i30M HUISIXOM I0HHOTO OOMi-
HY.

Karamnizatop cxinamaerbest 3 okcuniB ZnO, Crz0s,
CuO ta K>COs i nieonity ZSM-11.

Jns mpuUroTyBaHHS KaTaji3aTopiB 3aCTOCOBAHO
nBa criocoOu: MeTton mpocodeHHs (3pasku Ne 1-3) ta
METOJT CYMICHOTO OcaJkeHHs (3pa3ku Ne 4-5) (Tab:1.2).

Tadauus 2. Ckiaj 3pa3KiB KaTanizaTropa CUHTe3y ByriaeBoHiB 3 CO»

Karanizatop Cxkran, % mac.
Ne ni/mt Zn0O Cry0; CuO K2COs Fe¥-ZSM-11
1 12.10 6.00 1.60 0.30 80.00
2 9.75 4.70 2.00 0.25 83.30
3 9.50 4.70 2.00 0.50 83.30
4 7.34 6.86 2.00 0.50 83.30
5 8.79 8.21 2.40 0.60 80.00

Karamnizatopu 1-3 roTyBanu HmisxoM y BiAIoOBija-
HUX MPONOPIIAX PO3UNH XPOMOBOTO AHTIJIPUAY 3 TO-
POIIKOM OKCHJLy IIHHKY, TiCIISl YOr0 OTPHMaHy MacTy
BUCYLIyBaJIM Ha MOBITpi 3a Temmeparypu 100-120°C.
Bucymeny Tta mompiOHeHy Macy MpOCOYYBaIH BOJ-
HUM PO3YMHOM KapOOHATy Kalii0 Ha MOBHY BOJIOTOEM-
HICTb, CyMilll peTeNbHO MEepeMillyBajid Ta BUCYLIyBa-
71 Ha 1oBiTpi 3a Temmnepatypu 100-120°C. Bucymeny
Macy MpOCOYYBAIM CyMillli BOJHUM PO3YHHOM a30T-
HOKHCJIOI MiJli Ha TIOBHY BOJIOTOEMHICTh 32 KIMHATHOI
temneparypu. [Ipocouenns tpuBano 4 roj, notiM ma-

CY BHCYIIYBaJIM Ha MOBITPi MPOTIAroM 6 rof 3a Temiie-
patypu 100-120°C.

Heomit Ty ZSM-11 oTpumyBaiii 32 METOMKOIO,
onucaHolo B [47], 3 BUKOPUCTaHHAM HOAUAY TeTpaldy-
THJIAMMOHIIO SIK TeMIuaty. MonHu# 0OMiH y 1eomiTi
ZSM-11 natpieBoi (opMH MPOBOAMIA TAKUM YHHOM.
VY 0.15 1 Boxnwmii po3unH Fe(NOs)s nonaBanu cycreH-
3110 EOJITY 3a IHTEHCHBHOIO NepeminryBaHHs. OTpu-
MaHy Macy BUTPHUMYBAIIM Ha BOAsHINA OaHi mpH iHTEH-
CHUBHOMY IE€pEMIlLIyBaHHi /10 MOBHOTO BUIIAPOBYBAHHS
Boau. IloTiM meoniT mpoMuBany IUCTUIBOBAHOIO BO-
J010 (CHiBBIAHOIICHHs 1eoutiT : Boaa - 1:10). Onepa-
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Iif0 TTOBTOpIOBaM Ime 2 pa3u. KiIbKICTh BBEICHOTO
Fe3* muisixoM i10HHOTO obminy ckmanana 1.3-1.5 %mac.
(y mepepaxyHky Ha 3amiz0). [loTimM 1eomiT mpoxapio-
Banu mipu 300°C mpotsirom 3 rox. OTpuMaHAN IIEOJTIT
3MINIyBaJIM 3 BIAMOBiMHOW KinbkicTio Zn-Cr-Cu-K
cymimi. OTpuMaHy MeXaHIuYHY CyMilll TaOleTyBaiu
i TruckoMm 5000 at y mumiHAPUKHT 5X4 MM.

3pa3ku karamizatopiB Ne 4, 5 roryBanu HUIIXOM
CYMICHOTO OCaJKeHHS 3 KOHIEHTPOBAaHHUX a30THOKHUC-
JUX COJIeW MHUHKY, XpOMY Ta Mifli KapOOHATOM aMOHIIO
3a pH=7.1.-7.4. KonnenTpaiisi BOATHAX PO3YHHIB CTa-
HOBHJIA: a30THOKHUCIIOTO IUHKY - 240-250 1/11; a30THO-
kucioro xpomy - 220-230 1/7; a30THOKHCIOT Mifdi -
210-220 1/n; xapbonaty amoHito - 200-250 r/m. Ocan
BiA(IIBTPOBYBAIN, NMPOMHUBAIN JUCTUIBOBAHOIO BO-
JIOK0 JIO BiZICYTHOCTI B IpOMUBHUX Bojaax ioHiB NO3', a
MmoTiM BHCymryBanu 3a Temmeparypu 110°C. Bucyte-
Hy Zn-Cr-Cu macy mpocodyBaidi BOJHHUM PO3YHHOM
ByrJIeKUcIoro kamiro (7-8 % mac.) 3a KIMHAaTHOT TeM-
neparypu. OneprkaHy Macy CYIIMIIM Ha TIOBITPi IPOTSI-

roMm 10 rox. Jlam BUCYIIEHWH MOPOIIOK 3MINTyBaIH 3
MoaudikoBanum ionamu Fes* neomitom ZSM-11.

BumnpoOyBaHHs KatajizaTopiB TiIpyBaHHS MiOKCH-
Ny BYTJICHIO JIO BUIIMX BYTJICBOJHIB MPOBOJIWIN B
npoTouHii yctanoBmi. [lomepennpo karamizaTtop Bif-
HOBJIFOBAJIM Ta30BOK0 CYMIIIIIIIO, SIKa MICTHJIA BOJCHb
(3% 06.) Ta ineptHumii ra3 apron (97% 06.) 3a 400°C,
tucky 0.5 MIla ta 06 emmuiii mBugkocti 1000 rox?
npotsirom 14 rog.

BunpoOyBanHs KatajizaTopiB MPOBOIWIH 3a Ta-
kux ymoB: tuck 3 MIla; Temmeparypa 340-380°C;
00’emna mBuakicts (W) 1500-4500 rox?; cunres-ras
i3 BMicToM Hz - 75% 06. Ta CO2 - 25% 00.

VY mporeci BUNpoOyBaHb OCHOBHUMH TPOJAYKTaMHU
TiApyBaHHA JIOKCHIY BYTJICHIO y MPUCYTHOCTI KaTai-
3aropiB Oymu ByrieBogHi Bix Ci 1o Cos, K HOpMaJb-
HOI TaK i i30-Oy/IOBH, MOHOOKCHJ BYTJICIIO Ta MeTa-
HOJI. Pe3ynpTaTn BUIIpOOYBaHb HABEICHO B TAONHII 3.

Tabmuus 3. [IpoaykTHBHICTH KaTadi3aTopiB B peakuii cunre3y ByrJeoaHiB 3 CO. ta H, 3a ymoBs:
P =3 MlIla, T = 380 °C, H,/CO, = 3, w = 1500 rox™.

[MpoxyktuBHicTS (I), T/(TxarToOR) - 107
Karamnizatop Konsepcis CO — o : BYIJIEBOJIHI
(Xco2), % CO CH3OH BYTJICBOJIHI i
1300y10BH
1 53.9 4,98 0.92 12.89 7.34
2 60.0 4,98 0.92 15.85 9.07
3 55.5 411 0.22 15.04 8.9
4 64.2 5.06 0.33 16.97 9.89
5 57.1 5.13 1.09 13.67 7.8

Sk BuITHO 3 HaBeleHUX B TaOnwIi 3 JaHUX, YCi
3pa3Ky BUSBWIM JOCUTh BHUCOKY KaTaJIITHUYHY aKTHB-
HICTb i IPOJYKTUBHICTb 32 BYTJICBOAHIMHU.

—m— 1
—m—2

8,0x10° 4 —m—4

6,0x10°

4,0x10° 4

r (r/(rq*c))

2,0x10° 4

0,0 - - -==o=d=m=E=H

c5 c10 C15 C20
Cn

Puc. 1. Buxig ByrneBojHiB (i) 3 4uciIoM BYTJelie-
Bux aromiB C, 3a ymoB: P = 3 MIla, T = 380 °C,
H,/CO, =3, w=1500 I“OJI’l
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Ha puc.1, 2 HaBeneHO 3HAUEHHSI BUXOY BYIJIEBOJI-
HIB 3 YMCJIOM ByIJeneBux atoMmiB Cp, Ta BUXOIy Bij-
MOBITHUX 130-BYTJIEBOJIHIB, JJOCSATHYTUX B MPUCYTHOCTI
karamizatopiB NeNe 1 -5,

—m—1
8,0x10° —m—2
3
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6,0x10°° \-
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= =
¥ 4,0x10° 4 a
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E \8
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c2 CI4 CIG CIS C;I.O C;I.Z C_!I.4 CiII.G C_!I.8 CI20 CI22 CI24 I
Cn
Puc. 2. Buxin i30-ByryieBoHIB I(i) 3 YUCIOM BYT-
neneux aromiB Cn 3a ymoB: P =3 MIla, T = 380 °C,
H»/CO2 =3, w= 1500 rox™
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BunpoOyBaHHs 1moKa3aiy, M0 KpalluM Kartaiiza-
TOPOM TiApyBaHHS AIOKCHIY BYTJICIIO BUSBUBCS KaTa-
mizatrop Ned, cximag skoro BimoOpaxkae OpyTTo-
dhopmyna:

a(Zn -Cr,-Cu_-K -0 )/B(Fe™-ZSM-11),

ne 0~0.8-1.2, P=4.7-5.3, a=7-7.5, b=6.5-7,
c~1.5-2.5, d=0.3-0.8. Lle#t karamizatop AEMOHCTpYE
BUCOKY CENIeKTHUBHICTh 110 ByriieBoaHiB Cs-Ci1 (78%),
a Tako)X HU3bKY cenekTuBHICTh 32 CHs Ta CO. Takox

IIOKAa3aHo, M0 XIMIYHUN Ta KUIBKICHUHA CKJIaJ aKTHB-
HUX KOMITOHEHTIB 1 CIIOCIO MPHUTOTYBaHHS KaTalli3aTo-
piB MarOTh BUpIIMIANBbHE 3HAYEHHS I PETyITIOBaHHSI
CEJIEKTUBHOCTI MPOLIECY 32 LIJILOBUMH MIPOAYKTaMU

Posnogin nmpoaykriB peakuii rigpysanns CO; Ha-
BemeHo B Tabmuimi 4. IlepeBakatrouuMH MPOTyKTaMH
peakuii Oynu ByriaeBoaHi Cs-Cii, mpuyomMy OUTBIIICTB
BYIJIEBO/IHIB Malli PO3Tally>KeHy OyIOBY.

Tabmuus 4. Posnoaia npoaykris rinpysanns CO; (T = 380°C, w = 1500 rox™t)

[IpoxykTu [IponykTuBHICTH CeJIeKTUBHICTH POSF&U‘IY)KCH‘i
BYTJICBOJTHI
r/(Tar-c) - 107 S, % %Mac.
Cco 132.44 22.82
CH30H 8.14 1.40
Ci-Cy 194.48 33.50 33.01
Cs-Cua 221.55 38.17 79.08
C12-Cis 19.85 3.42 58.82
C19-Cos 4.02 0.69 15.00

Pesynpratn momanmemmx BUTPOOYBaHb 3a Pi3HHUX
TeMIieparyp Ta 00 ’€MHHX IIBUIKOCTEH peakiiiHol
cyMiImi HaBe/leHO Ha puc. 3, 4. 3 HaHWX, HaBEeIEHUX Ha
puc. 3 BHIUIMBAE, MO i3 3pOCTaHHAM 00’ €MHOI IIBHI-
KOCTi MPOAYKTHBHICTh KaTaji3aTopa CyTTEBO 3HUKY-
€THCS, TPH I[LOMY PO3IOJLT BYIJICBOJIHIB 3MIII[Yy€EThCS

NERRY

&) A\

Puc. 3. 3anexHicTh BUXOY BYIJIEBOIHIB I(i) 3 unc-
JioM ByrjeneBux aromiB Cn Big 00’€MHOI IIBHIKOCTI
(w) 3a mpucytHocTi karamizatopa Ne 4 (P =3 MIla, T
=360 °C, Ho/CO; = 3).

TakuM YMHOM, IPOBEACHI HAMH JIOCIIIPKEHHS Ki-
HETHKH peakuii TiApyBaHHS MIOKCHIy BYIJIELIO Ta
BCTaHOBJICHHSI MEXaHi3My MpOIeCy MoKa3ao, o s
OTPHMAaHHS BYIJICBOJHIB OCH3MHOBOI (pakiii BH-
KOPUCTaHHS KaTalli3aTOpiB TipyBaHHS HA OCHOBI Ie-

B CTOPOHY YTBOPEHHS MPOIYKTIB 3 KOPOTKHUM BYTJIE-
LEBUM JIAaHIIOTOM. AHAJOTiYyHa 3MiHa PO3IMOJTY BYT-
JIEBOJIHIB CIIOCTEPITa€ThCS 32 ITiIBUIICHHS TeMITepaTy-
pu mporiecy (puc. 4), Mo TakoX MPUBOAUTH IO 3POC-
TaHHA CyMapHOIr'o BUXO4y ByFJ'ICBOILHiB.

Puc. 4. 3anexxHicTb BUXOAY BYIJIeBOIHIB I(i) 3 umnc-
joM ByrienieBux aromiB Cn Big temmeparypu (T) 3a
npucyTHocTi kataiizaropa Ne 4 (P =3 Mlla, w = 3000
roa?, Hy/CO, = 3).

pPEXIIHUX METATB € HEIOLUUILHUM. BukopucTaHHs
TaKUX KaTaJiTHYHUX CHCTEM JIO3BOJISIE OTPUMYBATH 3
CO; B SIKOCTiI OCHOBHOT'O MPOAYKTY JIMIIEe MeTaH. [Hii
BYIJICBOJIHI YTBOPIOIOTHCS B HE3HAYHIN KUTbKOCTI. J{i1st
OTPUMAHHS BUILMX BYIJIEBOJAHIB OYJIO 3aIIpONOHOBAHO
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MIPOBOJIUTH TIPOIEC TiAPYBaHHA MIOKCHUAY BYTJICITIO
4yepe3 MPOMDKHE YTBOPEHHS METaHONy 3 HOro ro-
JANTBIIO0 Jlerinpararieio. Peamizamist Takoro mporecy
B OJHOMY peakTopi MoTpedye pPO3pOOKH CKIIATHOTO
0iQyHKIIOHATFHOTO ~KaTali3aTopy Ta ONTHMi3amil
yMOBax IMpoBeAeHHs peakuii. CIupaloyncy Ha aHali3
JMTEpaTypd Ta BIACHI MJOCIIDKEHHS, PO3POOICHO
edpexTuBHUI OiQyHKIIOHATBLHUN KaTali3aToOp CUHTE3Y
BUIIMX BYTJICBOAHIB (3 MEpEBaKHUM BMICTOM BYTJIe-
BOJIHIB pO3rairy’kKeHoi Oy/I0BH) 3 JIOKCHUITY BYTJIEIIO Ta
BOAHIO. B mpucyrHOCTI KaTanmizatopa  CKIaAy:
7.34%2Zn0-6.86%Cr,03-2.00% Cu0-0.50% K,COs-
83.30%(Fe*"-ZSM-11) nocsArHyTO MpPOMYKTUBHOCTI 3a
ByrieBoaHAME Caz+ 0,17r/(Twar*TOM) 32 CETEKTUBHOCTI
3a posrajyXeHuMH ByrieBoaHsmMu 60%, Ta Bigmpa-
BOBAaHO YMOBU CHHTE3Y BYIJIEBOJHIB 3 AIOKCUAY BYT-
JIe1Io.
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Prospect Nauky, 31, Kyiv, 03028, Ukraine; atripolski@gmail.com

The paper is devoted to the development of a catalyst for the synthesis of the higher hydrocarbons from carbon
dioxide and hydrogen. The conversion of greenhouse gas CO; into value-added chemicals contributes not only to sol-
ving environmental problems, but also to obtaining valuable fuel. Catalysts that are active in the hydrogenation reac-
tion of CO are also active in the process of CO, hydrogenation. The most active catalysts in the hydrogenation of
carbon dioxide are based on transition metals, in the presence of which mainly methane and a small amount of carbon
monoxide are formed. Investigation of the kinetics of hydrocarbons synthesis by hydrogenation of carbon dioxide in
the presence of transition metals allowed establishing the mechanism of the process and no perspective of such cata-
Iytic systems for hydrocarbons synthesis via intermediate formation of carbon monoxide. It is established that the op-
timal method of synthesis of higher hydrocarbons is the indirect path, through the intermediate formation of methanol
with its further dehydration. The synthesis of methanol from gas mixtures of H,, CO, and CO; with different composi-
tion in the presence of industrial catalysts takes place along the same macroscopic route, by reducing CO2, and is ac-
companied by a reverse water-gas shift reaction. Therefore, gas mixtures of different composition can be used as raw
material for methanol production. Based on our own and literature data, the general peculiarities of the carbon dioxide
hydrogenation reaction were obtained, which allowed developing a complex multifunctional catalyst for the synthesis
of higher hydrocarbons from carbon dioxide and hydrogen. The proposed catalyst combines the properties of ones for
the synthesis of oxygenates from carbon dioxide, and catalysts for the processes of hydrocarbons synthesis from me-
thanol and other alcohols. The synthesis of higher hydrocarbons with a predominant content of branched hydrocarbons
on the developed bifunctional catalyst was carried out and the optimal conditions for the process were determined.

Keywords: carbon dioxide, hydrogenation, higher hydrocarbons, bifunctional catalyst
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Ilnsixy migBMIIeHHS CeJIEKTUBHOCTI Ta BUX0AY (TaJIeBOr0 AHTIAPUAY NPH
oKkucHeHHi ByrieBoaHiB Cs-Cs

Ounena B. Kizion, Banepiii O. 3a:kurasioB

Incmumym copoyii ma npobaem endoexonozii HAH Vkpainu, éyn. I'en. Haymosa, 13, Kuig-164, Vkpaina,
kiz68@i.ua, zazhigal@ispe.kiev.ua

Iliomeepooiceno mexarnizm ymeopenns (pmanesoco anciopudy 3a paxyHox peaxyii [Jinbca-Anvoepa mixe maneino-
sum aueiopuoom ma Henacudenumu gyenegoouamu Ca. Ilokasana moscnugicms ooepiicantsa pmanego2o an2iopudy
npu OKUCHEHHI H-0YMaHy npu 8UKOPUCMAHHI 080X NOCIO0BHUX PeaKkmopis 3 000A8AHHAM HA 8Xi0 OpY2020 peakmopa
Henacuuenux gyenesooie Ca. Iloxazano, wo monvrull euxio npodyKmy npu ybomy moodice oocsieamu 35 %. Bemanos-
JIEHA MONCTIUBICIb NIOBUUCHHSL UX00Y (hmaneso2o an2iopudy npu OKUCHEHHI H-NeHMAHy 6 cucmemi 3 080X NOCIIO06-
HUX peakmopis 3 68e0eHHAM HA Opy2ull peakmop 000amKo8oi KilbKocmi HeHacuueHux gyenegoonie C4. Buxio npoodyx-

my 6 YboMy BURAOKY Modice docseamu 35 mon. %.

Kntouoei cnosa: xatanitTniae OKUCHEHHS, (TalleBUH aHTiApW, H-TICHTaH, H-OyTaH, OKCUIHI BaHaAi hocdopHi

KaTajizaTopu

Beryn

Bimomo, mo Ha TemepimHili Yac MPOMHUCIOBUM
METOAOM opepkaHHs (raneBoro ariapuny (DA) e
KaTaJIiTHYHE OKUCHEHHS 0-KCHJIONY (BUXiJ MPOIYKTY
70-75 moi. %) B mPUCYTHOCTI MPOMOTOBAHUX KaTaji-
3aTOpiB HAa OCHOBI OKCHJY BaHAJil0, HAHECEHOTO Ha
okcun tutany (Hampukiaz, [1-3]). B Toii xe yac, 3Ha-
YHEe TIJABHUINEHHS BapTOCTI O-KCHJIONY OOYMOBIIIOE
MIOIITYK HOBOI, O1ITBII IEIIeBOi CHPOBUHU BUPOOHMIITBA
(DA). 3 1i€i Touku 30py, MEPCHEKTHBHOK CHPOBUHOIO
BUSIBUBCSI H-TIGHTaH, IPU OKUCHEHHI SIKOro OyJio mokxa-
3aHO MOMJIMBICTh KUTBKICHOTO OJiep>KaHHS (pTajeBoro
anrimpuay [4-6], mpo ToMmy, IO BapTICTh IEHTaHY
3HAYHO MEHIIA HiX O-KCHJIONY, TOMY HaBiTh IPH HIXK-
YMX NOKAa3HUKaX BUXOAY NMpoAykTy (35-40 moi. %) ne
MOJKe OyTH KOMIICHCOBAHO PI3HMIICIO B IIiHI Ha BUXIiJ-
HY CHPOBHHY.

Crin 3ayBakWTH, 11O NPOLEC YTBOpEHHs (raie-
BOTO aHTIIpUAY NpPHU OKHUCHEHHI H-TICHTaHy € IyXKe
IIKaBUM 3 TEOPETHUYHOI TOYKHU 30py, 00 MpH IbOMY 3
BUX1JTHOI MOJIEKYJIH, 5IKa Ma€ 5 aTOMiB BYIJICLIO, YTBO-
PIOETBCS MIPOAYKT, B SKOMY MICTUTBHCSI 8 aTOMiB BYT-
nerto. Tomy 3po3ymisio, o 3 1 Mmoo CsHio Teoperu-
YHO MOXe yTBOpHTHCS He Ounbine Hix 0,5 mons ®A
(mpu 100 % cenextuBHOCTI M0 PA cepen MPOAYKTiB
HETIOBHOT'O OKHCHEHHS MOJIBHMW BUXiJ HNPOILYKTY HE
moxke mepeumut 50 %, TOOTO 3 2 MOJIEKynd H-
NEHTaHy MOXK€ YTBOPHUTUCS Jume | MoJekyna
CgH403). B 3B’s13ky 3 1ium, mopsiz 3i crpodaMu I1i/1BU-
IUTH CEJICKTUBHICTh Ta Buxig PA 3a paxyHOK MOIH-
(dikyBaHHS OKCHJHHMX BaHIii-PpochOpHHUX KaTajiza-
topis (VPO), Haii0inbil eheKTUBHUX B I[bOMY IIPOIIECi
[7-11], 3HauHa KiNBKICTH JAOCTIHKEHD OyJia MPUCBSYE-

Ha BH3HAYEHHIO MEXaHi3My OKHCHEHHS H-TICHTaHy Ta
YTBOPEHHS MpH 1boMy (praseBoro auriapuay [12-18],
0 MOXXK€ OyTH KJIFOUOBHM JIJIsi BUPIIICHHS MUTAaHHS
MOJJANIBIIOTO MOKPAIECHHSI XapaKTePUCTHUK KaTami3aTo-
piB.

OnHa 3 Mepmmx cXeM OKHCHEHHSI H-TICHTaHy 3
yTBOpeHHsM (praneBoro aHriapuay [15] mpomonysana
mepedir mporecy uepe3 JAeriApyBaHHA mapadiHOBOTO
BYIJIEBOJHIO 3 MOCIiJOBHUM YTBOPEHHSM IIEHTaHYy Ta
neHTaieny. B momaibiomMy BiOyBa€eThCs IUKITI3ALIIS
3 OpMyBaHHSAM ITUKJIONICHTAII€HY, ABl MOJIEKYIH SKO-
ro 3a peakuieto Jlinbca-Anpaepa yTBOPIOIOTH CKJa-
HUI TEeMIUIaT, OKHCHEHHs SKOTO BJIacHEe 1 Beae 10
yrBopeHHst PA. [Ipr 0OroBopeHHI BOTO MEXaHi3My
BHHUKITU JIesKi Tipo0JemMu, a BiacHe: i) piBHOBara pe-
akuii Jlinbca-Anblepa MK IUKJIONCHTAIIEHAMH TIPU
temreparypax Buie 80 °C 3cyHyTa B OiK BHXiJIHHX
peareHTiB [19], TOOTO yTBOpEHHS TEMIIATY (PaKTHIHO
HEpeaIbHO NpU TEeMIeparypax peakiii OKUCHEHHS H-
neHTany (250 °C ta Buiie); ii) *0HOI 3 HEHACHUECHUX
cnonyk Cs He OyJ10 3Hai1eHO B MPOAYKTaX OKMCHEHHS
n-ienTany Ha VPO karamizaropax, HaBiTh MPU BUKO-
puctanHi HaguayTarBoro meroay YAII — wacoBuii ana-
mi3 mpoaykTtiB (TAP-anrmiiicekoro) [12]; iii) mis mapa-
JIENILHOTO YTBOPEHHs MalieiHoBoro aurigpuay (MA)
[IPU OKMCHEHH] H-TIEHTaHy, TaKOX OYJIO 3aIpOIIOHOBA-
HO psiJl eK30TUYHUX MPOMIKHHUX CIIONYK, SIKi B KOJHO-
My BUIaJKy He OyJio 3HaiIeHO B MPOAYKTaX peakiii.

B 3B’s3Kky 3 1M, HaMH OyJIO MPENCTaBICHO KOH-
HEeNTyanbHO iHIII nuisixu yrBopeHHs @A ta MA mpu
okuCHeHHi H-rieHTaHy [18, 20,21]. B 3aranbHiit cxemi
(puc. 1) Oymo BpaxoBaHO JAaHi HO OKHCHEHHIO H-
OyTaHy Ta 3alpONIOHOBAaHUI MEXaHI3M ILOTO TPOIIECY
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[22], a BnacHe, IPUHIKTI TEOMETPHUYHOI BiIIIOBIAHOCTI,
TOOTO BiACTaHI MIXK MEPUIMM Ta YETBEPTHM aTOMaMH
BYTJIEIIO B MOJIEKyJ mapadiHy Ta BaHAAWIHHUM KFHC-
HeMm Ha moBepxHi VPO katamizaTtopa, akTHBAIlisl BYyT-
JIEBOJHIO 3 BiAPMBOM IMPOTOHY HETaTUBHO 3apsKe-
HUM KUCHeM. HasiBHiICTh KHCIOTHUX LEHTpiB bpeHc-
teqa (P-OH rpym) copuse BigMICTITICHHIO KiHIEBOL
CHs-rpynu 3 yTBOpeHHSIM MeTaHy Ta HeHacuueHHX Ci
BYTJICBOJIHIB, SIKi JISTKO OKHCIOIOTHCA 10 MA. dop-
myBanHs DA BimOyBaeTscss mo peakmii /Jlimbsca-
Anpnepa Mk MA Ta HEHaCHYCHHMH BYTJIEBOJHSAMU
Cs, HU3bKA CTalliOHApHA KOHLEHTpAIisl SIKMX (Cenek-
THBHE OKHCHEHHSA 10 MA), dakTHdHO 1 BU3HAYAE Ce-
nekTuBHICTE o DPA. Cruig BIAMITHTH, IO pPeaKIlis
Hinsca-Anpaepa mixx MA T1a onedinamu Cs4 IpoTiKae B
0iK YTBOpEHHS! TPOIYKTIB HaBiTh NMPH TeMIIEpaTypax
Buie 250 °C [19].

C4Hs
T \ C4H203

CsHi, = C4Hs

CsH403

Puc. 1. 3aransHa cxema yrBopeHHI MA Ta @A nipu
OKHCHEHHI H-TICHTaHYy

MosKkHa BIOMITHTH, 110 JESKI 3 MOMEHTIB JaHOTO
MexaHi3My (OpMyBaHHS MPOAYKTIB OyNTH MiITBEp-
JDKEHI eKCTepUMEHTaIbHUMH JaHuMH. Tak, Xpomaro-
Mac-CIIEKTPOMETPUYHUI aHalli3 MPOIYKTIB OKHCHEHHS
n-nientany [12, 20] 103BOJIMB BCTAHOBUTH HAsBHICTH B
npoaykTax peakuii onediniB C4 (B He3HAUHIHN KibKOC-
Ti, IO y3TOJUKYETHCS 3 BHKIIQJICHUM BHIIIE), TOKA3aHO
[17, 21, 23] 3anexHiCTh TUTOMOI IIBUAKOCTI OKACHEH-
HS H-TISHTaHY BiJl €(EeKTUBHOTO HETaTUBHOTO 3apsTy
Ha aroMax KuCHIO (3a manumu P®OEC) mms meskux
VPO xatami3atopiB 3 JOMIIIKAMH METaliB, BCTAHOB-
aeno [9, 11, 18] 3anexHICTh CEJTEKTHBHOCTI YTBOPCHHS
®A Bijg KUIBKOCTI KUCIOTHUX HEHTPIB JIbtoica Ha mo-
BEPXHI I[UX KaTaai3aTopiB.

Tum He MeHII, 0arato acleKTiB MEXaHi3My IIbOTO
MPOLIECY JIOCi € He J0 KiHIA 3’sICOBaHI UM MiITBEPIKe-
Hi, HE3BAKAIOUN Ha aKTyalbHICTh mporiecy [24], #oro
MEPCHEKTUBHICT Ta MOXIHMBOCTI BHUKOPHCTAHHS
3HaHHS NPO NUIAXH (HOPMYBAaHHS MPOAYKTIB IS Mif-
ButieHHs Buxoay @A um, B pasi norpedbu, MA 3 mak-
CHMAaJIbHUAM OJICpP’KaHHSM OJIHOTO 3 HUX.

B naniii po6oTi peacTaBiieH] pe3yabTaTH ASIKUX
JOAATKOBUX JOCIHiPKEHb, POBEACHUX HAMH JUISI MiAT-
BEP/UKEHHSI OCHOBHHUX IIUISIXIB YTBOPEHHSI TPOIYKTIiB
CEJIEKTUBHOTO OKHcHEHHS — DA ta MA.
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Excnepumenmanvha uacmuna

CuHTe3 OKCHIHUX BaHafii (ochopHux KaTamiza-
topiB (VPO) Oys0 mpoBeneHO aHAIOTIYHO METOIMIT
mpeacTaBieHiii pooori [8]. AToMHe CITiBBiTHOIIEHHS
P/V cranoswio 1, 15. Busnadenus (azoBoro ckimamy
OyJi0 peani30BaHO METOAOM IOPOIIKOBOi PEHTTEHO-
rpadii Ha mudpakromerpi JJPOH-3M 3 BUKOpHCTaH-
Hsim Cu K, BunpomintoBaHHs. BCTaHOBIICHO, IO TS
cunresy VPO xkaranmizatop mpeactaBiisie coborw (asy
HamiBrizipaty  oprodocdary Banaamty VOHPO,
0,5H20, sixa B pe3ynbTari akTHBAIll peaklifiHO0 Cy-
MIIIIIO mepexoauTsh y (asy mipodocdary BaHaauIy
(VO)2P20y7. Tamri disuko-XiMidHi BIACTMBOCTI KaTai-
3aTOPiB MPEACTABICHO B POOOTI.

KaramiTuuni gocnmiay TpOBOIWIM B YCTaHOBII
OPOTOYHOTO THUITy 3 JBOMa MICIIOBHO 3’€IHAHUMU
MIKpOpeaKkTOpaMy 3 HEeP)KaBifouol CTaii 3 BHYTPIIIHIM
nmiametpom 6 MM (puc. 2). 3pa3ku Karamizaropa
noapiOHoBaNK 10 (pakuii po3mipom 0,25-0,50 MM Ta
3aBaHTAXyBallM B peakTop B 06’emi 0,5 cm®. 06’ emHa
IIBHIKICT TIOTOKY peakiiiinoi cymimi — 12-46 cm®/xs.
B sixocTi pearenTiB Oynu BUKOPUCTaHI HACTYITHI pedo-
BunM: x-ieaTan ¢ipmu Fluka (99 %), »-6ytan (98,5 %
mapku A), 2-6yren (Fluka), 1,3-6yramien (Fluka),
reniii (Bu), mositps ¢ipmu “AlA”. KonueHtpamito
peareHTiB B peakmiiHiil cyMmilli peryioBaid MacOBH-
MH eJIeKTpOoHHUMH pocxogomipamu ERG 1 MKZb ta
ERG 1 MKZa. TemnepaTypHHii peKuM B peakTopax
MiITPUMYBABCSL B €JICKTPOIICYax 3a JIOMOMOIOK aBTO-
MaTHYHUX PETYIATOPiB TemnepaTypu RP6.

Cxitag BHXIOHOI CYMIIi Ta TPOAYKTIB peakiii
aHaJi3yBajl METoJIOM ra3oBoi xpomarorpadii (I'X) na
nBox xpomarorpadax: “CHROM 5” 3 pmerekropom
iameneBo-ionizanivaui (AI1) Ta “Cemmixpom 17 3
netrekropoM Mo terutonposigHocti (ATIT) (3 3ammucom
XpomaTorpam Ha komm’'torepi). Jleram aHamizy HaBe-
JieHo B poboTi [7].

Pesynomamu ma ix 062060pennsn

[lepm 3a Bce HamMu Oyno MpoaHaIi30BaHO BCI ic-
HYFOUi JIITepaTypHi JIaHi 10 OKWCHEHHIO H-TIEHTaHYy Ta
MOJKJIMBUX TPOMDKHUX MPOAYKTIB 1€l peakmii. Pe-
3yJIBTATH 1BOTO aHAJII3Y MpeACTaBIeH] B Ta0muIi 1.

B pesynbrari aHanmizy BCTaHOBJIEHO, IO BHCOKa
CEJICKTHBHICTh 10 (PTaJIEBOMY aHTIAPUAY cIiocTepira-
€TBCSl TP OKHMCHEHHI H-TIeHTaHy (TigpomoxiaHi ¢ra-
JIEBOTO AHTIAPHUIY TAaKOX JIETKO HEPETBOPIOIOTHCS Y
¢draneBuil aHTiaApUA), OJHAK HE MPHU OKUCHEHHI HEHa-
cuueHnx Cs cnoyk. B ocTaHHBROMY BHITAJKy YTBOPIO-
€ThCSI B 3HAYHO OUIBIIIN KIJIBKOCTI MaJIEITHOBUI aHIij-
pun. Ilpu npomMy, MOXXKHA 3BEepHYTH yBary Ha Te, IO
HaBITh caMi aBTOPH Ili€l CXEeMH OJepIKaJld MPAKTHYHO
HYJbOBY CEJIEKTUBHICTh TI0 raneBomy anriapumy. Lli
pe3yabTaTH Lie pa3 MiATBEPKYIOTb HEKOPEKTHICTb
CXEMH YTBOPEHHS ()TaJIeBOrO aHTiAPUAY uepe3 Jerif-
pyBaHHSI H-TICHTaHY.
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Tabmums 1. JlitepaTypHi JaHi 10 OKHCHEHHIO H-TIEHTAHY Ta MOKJIUBHX MPOMIKHUX CIOJYK

[MapameTpu oKuCHEHHS ™ .

Cronyka T (I)) C P X % Son % Sy % [Ty6nikamis
H-TIEHTaH 318 20 37 13 [25]
1-menTen 303 20 0 8 [14, 25]
1,3-neHtamien 290 20 2 14 [14, 25]
IIUKJIOTIEHTA Ti€H 285 20 0 10 [14]
H-TICHTaH 340 25 40 35 [10]
2-TICHTCH 340 35 13 16 [10]
1-6yTen 440 50 ** 70 [26]
rexcarigpoTareBuil aHTiapus 305 20 65 5 [27]
TeTpariapodTaneBuil aHTiIPUT 330 72 52 4 [28]
mMetunpypas 330 94 ** 43 [29]
bypdypos 330 95 ** 59 [29]

* T-temneparypa peaxiiii, X - KOHBEpCis BYTJIEBOJHIO, Spa - CEJIEKTUBHICTD 11O
(dTaneBoMy aHTIIPUITY, Sma - CEJIEKTUBHICTH M0 MaJIeTHOBOMY aHTiIPUTY.

** He BU3HAYEHO.

Bunukano nexiigpka MuTaHb, sSKi TOTPiOHO Oy-
70 3’SACYBAaTH, 1 TIEpIIe 3 HUX — a 9H AiiicHO (praneBuii
aHTIAPU MOKE YTBOPIOBATHCS B YMOBax peakiii 3a
paxyHok peakiii Jlimbca-Anbpaepa MK MalleiHOBHM

n-C.H,; < nosnps

Peaxtop 1
YPO
RaTa-
JizaTop
Peaxrop 2
VPO
RaTa-
mizarop

Mpoayxrrk xa anaxh

anrigpunom ta onediHom Cs4. g BUpimIeHHS IIHOTO
MUTAaHHS HaMH OyJI0 BUKOPUCTAHO EKCIIEPUMEHTAIbHY
YCTAHOBKY 3 JBOMa MOCHIJOBHUMH pPEaKTOpaMH, siKa
HaBelIeHa Ha puc. 2.

:@ mﬁ 360 :’C‘!{lo .& lJ‘CHd

Puc. 2. Cxema yCcTaHOBKH JJ1s1 IOCIIIKEHHSI MEXaHi3My yTBOpeHHs (praneBoro anriapuny Ha VPO katamizaTopax.
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Jlist gocmimkeHHsT Oy70 BUKOPHUCTAHO BITOMHEI
daxr [22, 24, 25, 30], mo OKWCHEHHS H-OyTaHy Ha
VPO karanizaropax BeJie JIUIIE JO YTBOPEHHS OJHOTO
MPOAYKTY MapIlialbHOTO OKHCHEHHS - MAaJIeiHOBOTO
aHTiIpUIy, 10 1 0y10 3ahikCOBaHO HA BHXOJI 3 JBOX
nociinoBaux peakropiB (Puc. 3, a). Benenns Hese-
nmukoi KimpkocTi He Ha BXij mpyroro peaktopy Beze
JIUIIIE JIO JISAKOTO 3MEHIIICHHS KOHIICHTpPAIlil POIIyKTY
3a paxXyHOK HOTO po3BeACHHs iHEpTHUM Tra3oM (puc. 3,
0). [mma xapTuHA CIIOCTEpITaEThCS TPH BBEICHHI Ha
BXiJ APYTOTO peakTopa HeHaCHYCHUX BYTIEBOIHIB Ca.
BBenenns 2-0yTeHy Beje J0 MOSBU B MPOIYKTaxX pe-
akuii ¢rameBoro aHrimpumy (puc. 3, B), IPH IBOMY
HOTO KUIBKICTH B JIesAKii Mipi 3pocrae B dHaci. [lpwm
IOMY KUTBKICTh MQJICTHOBOT'O aHTIPUAY Ha BUXOII 3
peakTopa 3HIKYEThCSA. 3amiHa 2-0yTeHy Ha BXOJi B

CM,;_. C@_.\_. od. %o

'
1
1
- :
1
1
1
0.6 — i
:
= 1
i
1
0.4 — i
| :
1
1
1
i i
:
_ 1
1
1
1
1
[}.[} _W I

0 40 80

1.0 i
0% %%

npyruit peaktop Ha 1,3-Oyramien (puc. 3, ) Xapakrte-
PHU3YETHCS TAKUMU K eeKTaMu — HasBHICTh (TaseBo-
ro aHTiAPUAY Ta 3MEHIIeHHS KOHIEHTpaIlii MaieiHo-
Boro aurimpumy. [Ipum mpoMy crocTepiraeTbesi TPOXH
OlpIII KOHIEHTpALisl (TaJCBOro aHTiAPHIY, HDK Y
BUMAJIKy BBeeHHS 2-OyTeHy, Ta 3HW)KEHHS KiIBKOCTI
MaseiHoBoro aHrigpumry. [lopiBHSIHHS 3HAYEHHS Kilb-
KOCTi yTBOpEHOTro ()TaJeBOTO aHTIAPUAY Ta 3MEHIIe-
HOTO MaJeiHOBOTO aHTiAPHIY MOKAa3ye IO e IMpaK-
TUYHO Ti cami Benmu4nHU. T00TO, B 000X BHUMIAJAKAX, Y
npyromy peaktopi B mpucytHocti VPO karamizatopa
BinOyBaeThCs peakuis [inbca-Anpaepa Mixk MmaleiHO-
BUM aHTIIPUIOM Ta BBEJCHHM HEHACHYCHUM BYTJIE-
Bogaem Ci. Ilpm 1mpoMy, 11 peaxiisi, sika Bene 10
YTBOpEHHS (TaJeBOr0 AaHTiAPHIY, MPOTIKAE 3HAYHO
edexTuBHIIIC y BUNAAKY 1,4-OyTamieny.

L
120 160 200

Yac.xB

Puc. 3. Konrenrpariiisi mpoaykTiB (® - ManeiHOBUI Ta 4 - (TaleBUil aHTIAPHU/IM) HAa BUXO/ YCTAHOBKH 3 IBOMA pe-
akTopamu (puc. 2): a — kpi3b peaktopu 1 i 2 npoxomuts cymim #-C4Hio Ta oBiTpst; 6 — Ha BXiJ peakTropa 2 B peak-
uitiny cymim Beeneno He (1-2 cm*/xB); B — 3amina notoky He B peaktop 2 Ha ananoriunmii 3a 06’ emom motik 2-C4Hs;
r - 3amiHa oToky He B peaktop 2 Ha aHajoriynmii 3a 00’emoM motik - 1,3-C4Hs (TemnepaTypa B 000X peakTopax

405°C).

TakuMm 4YUHOM, OJiepKaHi Pe3yNbTaTH MOKa3yIOTh,
0 YTBOPEHHA (PTAJeBOTO aHTIAPUAY € pe3ysbTaTOM
peakuii /[lineca-Anpaepa. [na BupimieHHs HUTaHHS
po Te, Y4 B YMOBaX OKMCHEHHS H-TICHTaHY el Mpo-
1eC JMITYEThCS HU3BKOI KOHIIEHTpalie ojediHiB
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C4 Oynu TipoBeJIeH] JIOCIIIN 3 BBEICHHSIM [IUX peareH-
TiB JI0 peakuiiiHol cymimii, sika MicTuTh H-CsHip. Pe-
3yJIBTaTH JAOCIiIKEeHHS HaBeJeHi Ha puc. 4.
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Puc. 4. 3anexHicte KoHIeHTpawii ¢raneBoro anriapuay (PA) ta maneinoBoro anrigpuay (MA), BignoBigao Cva
Ta Coa, B IPOAYKTAX peakwil Bix ckaany peakuiinoi cymimi. Cknaz peakuiiinoi cymimi: A — 1,60 06.% wu-mieHTaHy B
nositpi; b — 1,56 06.% n-nenrany + 1,05 00.% 1-6yreny B mositpi; B — 1,62 06.% H-nenTany + 0,98 06.% 2-Oyteny B
moBitpi; I' — 1,58 06.% n-nierrany + 0,96 06.% 1,3-6yramieny B moBiTpi (Temmeparypa B 000x peaktopax 375 °C).

Sx BUAHO 3 onepKaHUX pe3yibTariB (puc. 4)
3aMiHa peakmiiHOl cymimn A, sKa MICTUTh H-TICHTaH,
Ha cymim b, B siky nomatkoBo Oyino BBeneHO 1-OyreH,
JificHO Bene 0 30iumbIIeHHsT KoHIeHTpamnii @A B mpo-
nykTax peakiii. OJHOYACHO, CIIOCTEPIraeThCsi 3poc-
TaHHS KOHICHTpallii MA, 10 MOB’sI3aHO 3 OKHMCHEH-
HsM onediny B MA. Ilepexin Ha BUXiAHY peakiiiiHy
CyMilll A CYNpPOBOKY€ETHCSI BiZIHOBJICHHSM IOYATKO-
BUX TIOKa3HUKIB 10 KoHIeHTpaiisiM @A ta MA B npo-
IyKTax gaHoro mponecy. [lyck cymimn B, sika MicTuTh
HE TUIBKU H-TIEHTaH, ajie i 2-OyTeH, TakoX Bele 0
30inblIeHHsT KoHeHTpalii @A ta MA B mpoaykrax
peaxiii. [Tpu 11bOMy CITiJT BIIMITUTH, 110 Y TOPiBHSIHHI
3 TONEepeAHIM BHIIQJKOM, KOJIM BHUKOPHUCTOBYBAIU
CyMIll #-TIEHTaHy 3 1-0yTeHOM, CIOCTepiraeTbes TPO-
X Oinbllie 3pOCTaHHs KOHIEHTpanii MA, ane mpu
pOMY KOHIEHTpauisi @A pocte B MEHILIOMY CTYIEHI.
Hati6inbime migBumeHHs koHueHTpanii @A B mpoayk-
TaX peakiii crocrepirajiocss Npu BBelIeHHI 1,3-
Oyranieny no x-nenrany (cymim I'). Jlani daktu ana-
JIOT14Hi HaBeleHUM BHIIE Ha puc. 3. OxepKaHi ekcre-
PUMEHTAJIbHI JaHi MOKa3yIOTh, IO IMIIBUIICHHS CTa-
mioHapHoi KoHUeHTpawii oiediny (um nionediny) B
30HI peakuii NpU OKHUCHEHHI H-TICHTAHy BeAe [0
30inpenHs konueHTpanii @A B npoaykrax. ToOTo, B
yMOBaxX OKHCHEHHsI H-TIGHTaHy mpoiec (GopMyBaHHS

(ranmeBoro aHTriAPUAY TaKU IJIMITYETHCA HHU3BKOIO
KOHIIEHTpaIliero HeHacuueHUX Ca-BYTJICBOJHIB B TPO-
JYKTaX, 110 MOB’SA3aH0 3 BUCOKOO HMIBHUJIKICTIO 1X OKHC-
HeHHs g0 MA [24, 25, 31].

JaHi pe3ynbTaTH, BpaXOBYIOUH BiIOMUH (aKT IO
3HW)KEHHS TeMmreparypH (y MOpIBHSHHI 3 BUKOPHCTA-
Hoto Buie — 405 ta 375 °C) Moxe MO3UTHBHO BILIHBA-
TH Ha npouec Jinbca-Anbaepa, Ta MOKIMBOCTI OKpe-
MO PETyJIIOBATH TEMIIEPATYPHU B KO)KHOMY 3 PEaKTOpiB
(puc. 2) mo3Bommnm OOTPYHTYBAaTH Ta MPOBECTH HAC-
TYIHI eKCIepUMEHTH. Byno BcTaHOBIEHO, IIO MNpH
3HIDKEHHI TemnepaTtypH peakiiii 10 250 °C oKUCHEHHs
H-OyTaHy Ta x-mieHTaHy Ha VPO katamizatopi Ipak-
TUYHO He BinOyBaeThcs. [IpakTudaHo Ti cami pe3ynbTa-
TH OYyJIO OJIep’KaHO MpH OKHCHEHHi 2-OyTeHy Ta 1,3-
OyrtanieHy (koHBepcis Ha piBHI 5 Ta 7 %). B 3B’s13Ky 3
uuM OyJio TPOBEIEHO ABa THUIYy €KCIIepUMEHTiB. B
MepuIoMy 3 HUX Ha BXiJl IEPILIOro PEakTopy, B SKOMY
Temreparypa Oyna 405 °C, mogaBanu cymim OyTaHy B
MOBITPI, @ Ha BXiJI IPyroro peakTopy (B AKOMY TeMIle-
parypa O0yma 150-250 °C) momaBanu HE3HAuHy Kilib-
KicTh inepTHOTO razy — He (1-2 ¢m%/xB.). B HacTymHo-
My IHEpTHHH Ta3 3aMiHsUIM Ha HEHACUYEHHH BYTJIEBO-
neHb. Pe3ynpTaTu eKcriepMMEHTH TOKaszaHi B TaOJIuIi
2.
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Tabnuus 2. OKUCHEHHS H-0yTaHy Ta H-TICHTAHY B ABOX MOCJIA0BHUX peaKTopax IpH A0AaBaHHI B Ipyruii pea-
KTOpP HEeHACHYeHUX BYIJI1eBOIHIB C4

Peaxtop 1 Peaxrop 2 Konnenrpariis, moit. %
Peakmiitaa cymimt Temmnepatypa, °C | I'a3 ma Bxoxi | Temmepatypa, °C MA DA
1,0 0
1,0 0
C4Hio (1,7 06. % B 2-C4Hs 0,5 0,5
MOBITPi) 405 1,3-C4Hs 250 0,3 0,7
2-C4Hg* 0,3 0,7
1,3-C4Hs* 0,1 0,9
1,0 0
0 1
Gt (1,7 Og' /o8 405 2-C.Hs 200 0.3 0.7
P 1,3-C4He 0,1 0,9
1,0 0
0 )
C“H“LSB’Z Og' /0B 405 2-Cals 150 0.1 0.9
P 1,3-C4Hs 0 1,0
0,4 0,2
CsHiz (1,5 06. % B 0,4 0,2
MOBITPi) 375 2-C4Hs 250 0,2 0,4
1,3-C4Hs 0,1 0,5
0,4 0,2
0 J J
CSHl; SBIS OS' /0B 375 2-Calls 200 0.1 0.5
P 1,3-C4He 0 0,6

* T1pu 301IbIIEHH] TOTOKY HEHACHYCHUX BYTJIEBOJHIB B 2 pa3u

SIx MokHA MOGaUnTH 3 JAaHUX Ta0J. 2, OKUCHEHHS
H-OyTaHy, y BIAIOBIAHOCTI 3 HaBEICHUM BHIIE, BEIC
70 YTBOPEHHS JIMIIE MaJCiHOBOTO aHTiApuay. AHano-
rYHO IaHUM MPEACTaBICHUM Ha pHUC. 3, BBEACHHS He-
HACHYCHUX BYTJICBOJHIB B PEakTop 2 BeZe 10 TOSBU B
NPOAYKTax (TaneBoro aHriipuay, Opu LbOMY 3a pa-
XYHOK 3HIDKEHHS TEMIepaTypd B HBOMY, KiJIbKIiCTh
¢dTaneBoro aHTipuay B MPOMYKTaX 3HAYHO 3POCTAE.
IMpu nonmamanni 1,3-OyramieHy QraneBuil aHTiApUA
CTa€ OCHOBHUM IPOAYKTOM, IO CBIIYHTH NMPO edek-
TUBHICTh TpOTiKaHHS peakmii Jlimbca-Anbaepa. He-
3Ha4YHe 30IbLIEHHS KIJIBKOCTI JOJAHWX HEHACHYEHHUX
BYIJIEBOJIHIB BEJIE€ /10 HACTYIHOTO IiBUILIEHHS KOHLIE-
HTpamii ¢raneBoro aHrinpumy. B pesymnprari mux moc-
Ji/TiB, IPH HASIBHOCTI Ha BUPOOHUITBI pakiii Ca, sika
MICTHTh K TapadiH, Tak i cymim osiediHiB, mcis iX
po3IineHHs, Mo)ke OyTH 3ampoIlOHOBAaHA KacKaaHa
cXeMa KiJIbKICHOTO OJIepKaHHs (hTaJIeBOTO aHTIAPUIY 3
MPaKTUYHO TIOBHUM IEPETBOPEHHSM BYTIIEBOJHIB Cy4 y
¢raneBuii anrigpua. [lpu npomy B mepmomy peaxTopi
Oyne BinOyBaTHCS YTBOPEHHS MaJIeTHOBOTO aHTiIPUIY
3 OyTaHy, Jie BUXiJl OPOAYKTY Moxe Oyt 10 70 MoOJI
%. B apyromy peaktopi, Ipd 3HA4YHO HWXKYil TeMmIe-
parypi, B SIKUH MOJAETbCS (Ppakilisi HEHACUYEHUX BYT-
neBogHiB C4, BiOyBa€ThCsI MPAKTUYHO TMOBHE TEpeT-
BopeHHss MA Ha ®DA. 3posymino, mo Buxin A, Bpa-
XOBYIOUH JIOJIaTKOBY 110/1a4y HEHACHYCHHUX BYTJICBO-
HiB C4 B IpyTHii peaktop, He nepesuiye 35 moi. %. B
TO# ke uac BaroBuil Buxig @A moxke nopiBHoBaTH 46
%. dakTU4HO, IIi MOKA3HUKH OJU3bKi 10 TEOPETHYHO

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33

MOJKJIMBUX TIPY OKMCHEHHI H-TIEHTaHy, ajie 3p03yMio,
o0 MOCTYMAIThCA TPAJUIIHHOMY OKHUCHEHHIO O-
kcmmony 10 DA. Ane, SKIO0 BpaxyBaTH Pi3HHIIO B
[iHAX Ha BUXIi/JHI peareHTH, BJIacHe, OyTaHOBY (pak-
LI}0 Ta 0-KCHWJIOJI, TO MEPeBard IepIIoro Bigpasy cTa-
FOThH BiT4yTHI.

[Ipu oxMCHEHHI H-TIEHTaHY 3 1OJABAaHHAM Ha JIpy-
THid peakTop HeHacH4yeHUX ByrieBojHiB Cs4 crocTepi-
raethbest (Tabi. 2) MPaKTUYHO Ta X caMa KapThHa — 3i
3HIKEHHSIM TEMIIEpaTypH B IPYroMy peakTopi KOH-
neHTpamis DA MTIABUINYETHCA, a MPH TEMIEpaTypi
Hmxde 200 °C MoxHA OYiKyBaTH, 110 HA BUXOJI 3 pe-
aKTOpy B MPUCYTHOCTI 000X onediHiB Oyae HassBHUM
mumre ®A. Buxin @A npu poMy TakoX J0cATae 3Ha-
4yeHHs1 35 mon. % (3 BpaxyBaHHSM BUTpAaTh 000X BYT-
neBoiHIB). [IpoyKTHBHICTS 3a (PTAJICBUM aHT1IPHUIOM
pH bOMY CTaHOBHTH 0.65 KT DA/(TO" KT'ar)-

Bucnoeku
[linTBepmkeHo MexaHi3M yTBopeHHs DA mpu
OKUCHEHHI u-mieHTany Ha VPO karamizatopi. 3ampo-
MMOHOBAHO JIBO-PEAKTOPHY KaCKaJHy CXeMy JJIsSl OJiep-
xaHH1 DA npu OKMCHEHHI H-OyTaHy Ta IiJBUILEHHS
BUXOAY LILOTO MPOAYKTY MPH OKUCHEHHI H-TICHTaHYy.

Jdimepamypa
1. Grzybowska-Swierkosz B. Vanadia-titania cata-
lysts for oxidation of o-xylene and other hydro-
carbons. Applied Catalysis A: General, 1997. 157
(1-2), 263-310.



Kamaniz ma nagpmoximin, 2022, Ne33

27

2.

10.

11.

12.

13.

Schimmoeller B., Schulz H., Ritter A., Reitzmann
A., Kraushaar-Czarnetzki B., Baiker A., Pratsinis
S.E. Structure of flame-made vanadia/titania and
catalytic behavior in the partial oxidation of o-
xylene. Journal of Catalysis, 2008. 256 (1), 74—
83.

Dias C.R., Portela M.F. Synthesis of phthalic an-
hydride: catalysts, kinetics, and reaction model-
ing. Catalysis Review - Science and Engineering,
1997. 39 (3), 169-207.

Centi G., Lopez Nieto J., Pinelli D., Trifiro F.
Synthesis of phthalic and maleic anhydrides from
n-pentane. 1.Kinetic analysis of the reaction net-
work. Industrial and Engineering Chemistry Re-
search, 1989. 28 (4), 400-406.

Sobalik Z., Gonzalez S., Ruiz P. Influence of the
precursor formation stage in the preparation of
VPO catalysts for selective oxidation of n-
pentane. Studies in Surface Science and Catalysis,
1995. 91, 727-736.

Sookraj S., Engelbrecht D. Selective oxidation of
light hydrocarbons over promoted vanadyl pyro-
phosphate. Catalysis Today, 1999. 49 (1-3), 161-
169.

3axuranoB B.A., UeOypakosa E.B. Ilapiuansaoe
OKHCIIEHWE H-TIeHTaHa B TpucyTcTBUH VPBiO-
Karanu3aTopoB. Kamanus u nepmexumus, 2003.
11, 98-103.

Yebypakosa E.B., Anekcanaposa B.C., bauepu-
xoBa M.B., 3axxuranos B.A. Biusnue no6aBok Ha
(U3NKO-XMMHUYECKUE  CBOHCTBA  MOBEPXHOCTH
VPO-katanuzaropa. Kamanuz u Hepmexumus,
2006. 14, 102-111.

Haber J., Stoch J., Zazhigalov V.A., Bacherikova
I.V., Cheburakova E.V. Selective oxidation of
light alkanes on transition metal promoted vana-
dyl pyrophosphate (VPO) catalysts. Polish Jour-
nal of Chemistry, 2008. 82 (6), 1839-1852.
Cavani F., Colombo A., Guintoli F., Gobbi E.,
Trifiro F., Vazquez P. Role of surface properties
of the vanadyl pyrophosphate in the formation of
maleic and phthalic anhydrides by n-pentane oxi-
dation. Catalysis Today, 1996. 32 (1-4), 125-132.
3axkuranoB B.O., Kizton O.B. Onepxanns aHrin-
PUIHUX TIPOJMYKTIB OKHCHEHHSM H-TIEHTaHy Ha
VPO-karamizaropax. Kamamuz u Hepmexumus,
2020. 30, 19-37.

Golinelli G., Gleaves J.T. Selective oxidation of
n-pentane and 2-pentene over (VO).P,O7: contin-
uous-flow and transient studies at subatmospheric
pressures. Journal of Molecular Catalysis, 1992.
73 (3), 353-369.

Fumagalli C., Golinelli G., Mazzoni G., Messori
M., Stefani G., Trifiro F. Production of maleic
and phthalic anhydrides by selective vapor phase
oxidation with vanadium oxide based catalysts.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Studies in Surface Science and Catalysis, 1994.
82, 221-231.
Centi G., Pinelli D., Trifiro F., Ungarelli F.,
Lopez Nieto J. Synthesis of phthalic and maleic
anhydrides from n-pentane: reactivity of possible
intermediates and co-feeding experiments. Studies
in Surface Science and Catalysis, 1990. 55, 635-
642.
Centi G. Golinelli, G. Busca G. Modification of
the surface pathways in alkane oxidation by selec-
tive doping of Bronsted acid sites of vanadyl py-
rophosphate. Journal of Physical Chemistry,
1990. 94 (17), 6813-6819.
Sobalik Z., Carrazan S.G., Ruiz P., Delmon B.
Influence of fine structural characteristics of VPO
catalysts on the formation of maleic and phthalic
anhydrides in the oxidation of n-pentane. Journal
of Catalysis, 1999. 185 (2), 272—285.
Zazhigalov V.A., Haber J., Stoch J., Cheburakova
E.V. The mechanism of n-pentane partial oxida-
tion on VPO and VPBIO catalysts. Catalysis
Communications, 2001. 2 (11-12), 375-378.
Zazhigalov V. A., Kiziun E.V. Formation of
phthalic anhydride by Diels-Alder reaction during
n-pentane oxidation on VPO catalysts and control
the process selectivity. Theoretical and Experi-
mental Chemistry, 2017. 53 (3), 194-198.
Wuronsn K. TeopeTnueckrne OCHOBBI OpraHuye-
ckoi xumun. — Mocksa: Mup, 1973. — 1056 c.
Zazhigalov V.A., Cheburakova E.V., Gansior M.,
Stoch J. Mechanism of phthalic anhydride for-
mation in the oxidation of n-pentane on a vanadi-
um-phosphorus oxide catalyst. Kinetics and Ca-
talysis, 2006. 47(6), 803-811.
Cheburakova E.V., Zazhigalov V.A. Reaction
mechanism-based design of efficient VPO cata-
lysts for n-CsHi, oxidation into phthalic, maleic
and citraconic anhydrides. Kinetics and Catalysis,
2008. 49, (4), 552-561.
Zazhigalov V. A. The role of the geometric fac-
tore in the selective oxidationof lower paraffins at
VPO catalysts. Theoretical and Experimental
Chemistry, 1999. 35 (5), 247-257.
Zazhigalov V.A. Effect of bismuth additives on
the properties of vanadium phosphorus oxide
catalysts in the partial oxidation of n-pentane. Ki-
netics and Catalysis, 2002. 43, (4), 514-521.
Vedrine J.C. Metal Oxides in heterogeneous oxi-
dation catalysis: State of the art and challenges for
a more sustainable world. ChemSusChem, 2019,
12 (3), 577-588.
Centi G. Selective heterogeneous oxidation of
light alkanes. What differentiates alkane from al-
kene feedstocks? Catalysis Letters. 1993, 22 (1),
53-66.
Miyamoto K., Nitadori T., Mizuno N., Okuhara
T., Misono M. The important step of the selective
ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33



28

Kamaniz ma nagpmoximin, 2022, Ne33

217.

28.

29.

30.

31.

oxidation of n-butane over (VO),P,0;. Chemistry
Letters. 1988, 17 (2), 303-306.

Centi G., Burattini M., Trifiro F. Oxi-
condensation of n-Pentane to phthalic anhydride.
Applied catalysis. 1987, 32, 353-356.

Centi G., Trifiro F. Surface kinetics of adsorbed
intermediates: selective oxidation of Cs-Cs al-
kanes. Chemical Engineering Science. 1990, 45
(8), 2589-2596.

KonTakTHple peaknuu (ypaHOBBIX COeIHHEHI
(Inmanckas M.B. — Penaktop) — Pura: 3unarse,
1985. — 301 c.

Pyatnitskaya A.l., Komashko G.A., Zazhigalov
V.A., Gorokhovatskii Ya.B. n-Butane oxidation
over a vanadium-phosphorus catalyst. Reaction
Kinetics Catalysis Letters. 1977, 6 (3), 341-347.
Centi G., Cavani F., Trifiro F. Selective oxidation
by heterogeneous catalysis. — New York, Boston,
Dordrecht — Kluwer Acad., 2001. — 505 p.

References

1.

Grzybowska-Swierkosz B. Vanadia-titania cata-
lysts for oxidation of o-xylene and other hydro-
carbons. Applied Catalysis A: General, 1997. 157
(1-2), 263-310.

Schimmoeller B., Schulz H., Ritter A., Reitzmann
A., Kraushaar-Czarnetzki B., Baiker A., Pratsinis
S.E. Structure of flame-made vanadia/titania and
catalytic behavior in the partial oxidation of o-
xylene. Journal of Catalysis, 2008. 256 (1), 74—
83.

Dias C.R., Portela M.F. Synthesis of phthalic an-
hydride: catalysts, kinetics, and reaction model-
ing. Catalysis Review - Science and Engineering,
1997. 39 (3), 169-207.

Centi G., Lopez Nieto J., Pinelli D., Trifiro F.
Synthesis of phthalic and maleic anhydrides from
n-pentane. 1.Kinetic analysis of the reaction net-
work. Industrial and Engineering Chemistry Re-
search, 1989. 28 (4), 400-406.

Sobalik Z., Gonzalez S., Ruiz P. Influence of the
precursor formation stage in the preparation of
VPO catalysts for selective oxidation of n-
pentane. Studies in Surface Science and Catalysis,
1995. 91, 727-736.

Sookraj S., Engelbrecht D. Selective oxidation of
light hydrocarbons over promoted vanadyl pyro-
phosphate. Catalysis Today, 1999. 49 (1-3), 161-
169.

Zazhigalov V.A., Cheburakova E.V. Partsial’noe
okislenie n-pentana v prisutstvii  VPBIO-
katalizatorov.  Catalysis and Petrochemistry,
2003. 11, 98-103.

Cheburakova E.V., Aleksandrova V.S,
Bacherikova 1.V., Zazhigalov V.A. Vliyanie do-
bavok na fiziko-chimicheskie svojstva poverch-

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

nosti VPO-katalizatora. Catalysis and Petrochem-
istry, 2006. 14, 102-111.

Haber J., Stoch J., Zazhigalov V.A., Bacherikova
1.V., Cheburakova E.V. Selective oxidation of
light alkanes on transition metal promoted vana-
dyl pyrophosphate (VPO) catalysts. Polish Jour-
nal of Chemistry, 2008. 82 (6), 1839-1852.
Cavani F., Colombo A., Guintoli F., Gobbi E.,
Trifiro F., Vazquez P. Role of surface properties
of the vanadyl pyrophosphate in the formation of
maleic and phthalic anhydrides by n-pentane oxi-
dation. Catalysis Today, 1996. 32 (1-4), 125-132.
Zazhigalov V.0O., Kizyun O.V. Oderzhannya an-
hidridnych prodyktiv okysnennyam n-pentanu na
VPO-katalizatorach. Catalysis and Petrochemis-
try, 2020. 30, 19-37.

Golinelli G., Gleaves J.T. Selective oxidation of
n-pentane and 2-pentene over (VO).P,O7: contin-
uous-flow and transient studies at subatmospheric
pressures. Journal of Molecular Catalysis, 1992.
73 (3), 353-369.

Fumagalli C., Golinelli G., Mazzoni G., Messori
M., Stefani G., Trifiro F. Production of maleic
and phthalic anhydrides by selective vapor phase
oxidation with vanadium oxide based catalysts.
Studies in Surface Science and Catalysis, 1994.
82, 221-231.

Centi G., Pinelli D., Trifiro F., Ungarelli F.,
Lopez Nieto J. Synthesis of phthalic and maleic
anhydrides from n-pentane: reactivity of possible
intermediates and co-feeding experiments. Studies
in Surface Science and Catalysis, 1990. 55, 635—
642.

Centi G. Golinelli, G. Busca G. Modification of
the surface pathways in alkane oxidation by selec-
tive doping of Bronsted acid sites of vanadyl py-
rophosphate. Journal of Physical Chemistry,
1990. 94 (17), 6813-6819.

Sobalik Z., Carrazan S.G., Ruiz P., Delmon B.
Influence of fine structural characteristics of VPO
catalysts on the formation of maleic and phthalic
anhydrides in the oxidation of n-pentane. Journal
of Catalysis, 1999. 185 (2), 272-285.

Zazhigalov V.A., Haber J., Stoch J., Cheburakova
E.V. The mechanism of n-pentane partial oxida-
tion on VPO and VPBIO catalysts. Catalysis
Communications, 2001. 2 (11-12), 375-378.
Zazhigalov V. A., Kiziun E.V. Formation of
phthalic anhydride by Diels-Alder reaction during
n-pentane oxidation on VPO catalysts and control
the process selectivity. Theoretical and Experi-
mental Chemistry, 2017. 53 (3), 194-198.

Ingold K. Teoreticheskie osnovy organicheskoj
chimii. — Moskva: Mir, 1973. — 1056 p.
Zazhigalov V.A., Cheburakova E.V., Gansior M.,
Stoch J. Mechanism of phthalic anhydride for-
mation in the oxidation of n-pentane on a vanadi-



Kamaniz ma nagpmoximin, 2022, Ne33

29

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

um-phosphorus oxide catalyst. Kinetics and Ca-
talysis, 2006. 47(6), 803-811.

Cheburakova E.V., Zazhigalov V.A. Reaction
mechanism-based design of efficient VPO cata-
lysts for n-CsHi> oxidation into phthalic, maleic
and citraconic anhydrides. Kinetics and Catalysis,
2008. 49, (4), 552-561.

Zazhigalov V. A. The role of the geometric fac-
tore in the selective oxidationof lower paraffins at
VPO catalysts. Theoretical and Experimental
Chemistry, 1999. 35 (5), 247-257.

Zazhigalov V.A. Effect of bismuth additives on
the properties of vanadium phosphorus oxide
catalysts in the partial oxidation of n-pentane. Ki-
netics and Catalysis, 2002. 43, (4), 514-521.
Vedrine J.C. Metal Oxides in heterogeneous oxi-
dation catalysis: State of the art and challenges for
a more sustainable world. ChemSusChem, 2019,
12 (3), 577-588.

Centi G. Selective heterogeneous oxidation of
light alkanes. What differentiates alkane from al-
kene feedstocks? Catalysis Letters. 1993, 22 (1),
53-66.

Miyamoto K., Nitadori T., Mizuno N., Okuhara
T., Misono M. The important step of the selective
oxidation of n-butane over (VO),P,0;. Chemistry
Letters. 1988, 17 (2), 303-306.

Centi G., Burattini M., Trifiro F. Oxi-
condensation of n-Pentane to phthalic anhydride.
Applied catalysis. 1987, 32, 353—-356.

Centi G., Trifiro F. Surface kinetics of adsorbed
intermediates: selective oxidation of Cs;-Cs al-
kanes. Chemical Engineering Science. 1990, 45
(8), 2589-2596.

Kontaktnye reaktcii  furanovych  soedinenij
(Shimanskaya M.V. — Edt.) — Riga: Zinatne, 1985.
—301 p.

Pyatnitskaya A.l., Komashko G.A., Za-
zhigalov V.A., Gorokhovatskii Ya.B. n-Butane
oxidation over a vanadium phosphorus catalysts.
Reaction Kinetics Catalysis Letters. 1977, 6 (3),
341-347.

Centi G., Cavani F., Trifiro F. Selective oxidation
by heterogeneous catalysis. — New York, Boston,
Dordrecht — Kluwer Acad., 2001. — 505 p.

Haoituna 0o peoaxyii 04.07.2022 p.

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33



30 Kamaniz ma nagpmoximin, 2022, Ne33

The pathways of the phthalic anhydride selectivity and yield increase at Cs-Cs-
hydrocarbons oxidation

Olena V. Kiziun, Valery O. Zazhigalov

Institute for Sorption and Problems of Endoecology, National Academy of Sciences of Ukraine, 13 General Naumov Str.,
Kyiv 03164, Ukraine; kiz68@i.ua, zazhigal@ispe.kiev.ua

The investigation of n-butane and n-pentane oxidation in system with two consecutive reactors confirmed the
mechanism of phthalic anhydride formation by Diels-Alder reaction between maleic anhydride and Cs unsaturated
hydrocarbons. The process is limited by low stationary concentration of C4 unsaturated hydrocarbons in reaction mix-
ture which is connected with high rate of their oxidation to maleic anhydride. It was shown that n-butane oxidation
leads to formation of maleic anhydride only but the introduction of unsaturated C4-hydrocarbons on inlet of the second
catalytic reactor accompanied by phthalic anhydride appearance on outlet of these two consecutive reactors system. It
was established that in case of 1,3-butene introduction in the second reactor the quantity of phthalic anhydride formed
is more than in case of 2-butene addition. It was predicted that a decrease of the temperature in the second reactor can
leads to an increase the phthalic anhydride selectivity and its yield as result of Diels-Alder reaction effectiveness. This
assumption was confirmed by experimental results. In results the method of phthalic anhydride production by the use
of two consecutive reactors was proposed. The summary yield of this product on this new process can reach up to 35
mol. %. In the case of n-pentane oxidation the formation of maleic and phthalic anhydrides was observed with excess
of first product but the introduction of unsaturated Cs-hydrocarbons in the inlet of second reactor leads to an increase
of the phthalic anhydride concentration and its selectivity and yield. In result the yield of phthalic anhydride equal to
35 mol. % can be obtained. So, the proposed by us mechanism of phthalic anhydride was confirmed by new experi-
mental results and other pathways for the selectivity and yield of this product can be predicted.

Keywords: catalytic oxidation, phthalic anhydride, n-pentane, n-butane, vanadium-phosphorus oxide catalyst
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The kinetic model of the combined heterogeneously catalyzed condensation
and esterification of propionic acid and methyl propionate with
formaldehyde and methanol
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In this work we aim for developing a kinetic model for the methyl methacrylate and methacrylic acid synthesis
by the combined condensation and esterification of methyl propionate and propionic acid with formaldehyde and
methanol in the presence of the silica-supported boron-phosphorus-oxide catalyst promoted by oxides of tungsten and
zirconium. The dependencies of the formation rates of methyl methacrylate, methacrylic acid and diethyl ketone from
the concentrations of methyl propionate, propionic acid, formaldehyde and methanol were studied, and reaction
orders of every product formation with respect to each reagent were determined. Methacrylic acid is formed
predominantly by condensation of methyl propionate with formaldehyde, and methyl methacrylate hydrolysis is
insignificantly. The methyl methacrylate formation reaction rate is limited by the methyl propionate adsorption rate
on the catalyst surface, and both reactions of methyl methacrylate and methacrylic acid formation are inhibited due to
adsorption of formaldehyde, propionic acid and methanol. Based on obtained data, the reaction scheme was offered,
which includes formation of intermediates such as 3-hydroxy-2-methylpropanoic acid, its methyl ester and 3,3-
dihydroxy-2-methylpentanoic acid. From this reaction scheme the kinetic model was derived using steady state
approximation. The reaction rate constants and their activation energies for this model were calculated from
experimental data. Validity of the model was experimentally confirmed by the correlation between experimental and
theoretically calculated data. Therefore, the developed kinetic model satisfactorily describes the process of the
combined condensation and esterification of methyl propionate and propionic acid with formaldehyde and methanol
as well as partial cases of condensation of methyl propionate with formaldehyde and propionic acid with
formaldehyde, and is suitable for process optimization and technological calculations.

Keywords: heterogeneous catalysis, kinetics, condensation, acrylates, esterification

Introduction

The condensation processes of carbonyl
compounds occupy a prominent place in the organic
synthesis industry, since they allow to produce a
multitude of valuable products, among which methyl
methacrylate (MMA) and methacrylic acid (MAA) are
especially important. These compounds are easily
polymerized, and therefore are widely used for the
production of various polymeric materials with
valuable properties. The wide scope of acrylate
monomers usage causes a significant annual growth of
world demand for them, and as result the need for a
new and improved methods for their production [1-3].
Combined condensation and esterification of methyl
propionate (MP) and propionic acid (PA) with
formaldehyde (FA) and methanol (M) is a prospective
method for acrylates production since it allows to use
either MP or PA or their mixture as raw materials
depending on the market availability, and to produce
both MMA and MAA with variable ratio depending on
the market demand [4-5]. In the previous research the
B-P-Zr—W-0,/SiO; catalytic system was found to be

efficient for this process, with total MMA + MAA
yield up to 96.3 %, with the sole by-product being
diethyl ketone (DEK) which is also valuable product
[5]. Further research is needed to establish the process
kinetics. Previously we have developed kinetic models
for a simpler cases of individual condensation
reactions of PA with FA [6] and MP with FA [7]. The
aim of this work is to develop a kinetic model for a
more complex case of combined condensation and
esterification of MP and PA with FA and methanol,
suitable for process optimization and technological
calculations.

Experiment

The catalyst was prepared by impregnating the
silica support with the solutions of boron acid,
diammonium hydrogen phosphate, phosphotungstic
acid and zirconium oxychloride, with further drying at
423 K for 8 h and calcinating at 673 K for 6 h. Atomic
ratio B:P:Zr:wW = 3:1:0.15:0.15 was used as it was
previously determined as the optimum by the yield and
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selectivity of acrylates [5]. Specific surface area of the
catalyst was 348 m?/g.

The kinetic was studied in the gas-phase flow
tubular reactor (200 mm x 16 mm) with fixed catalyst
bed at low (under 30%) reagents conversion to
maintain concentrations at quasi-stationary values.
Catalyst load was 16 g. Analytical research grade
methyl propionate, propionic acid, methanol and
paraformaldehyde were used. 36 wt.% formaldehyde
water solution was prepared from paraformaldehyde
immediately before the experiments. MP, PA and
methanol concentrations in the gas phase were varied

in the range 3.74-10° — 7.48:10° mol/l, while FA
1.25-102 — 2.49-10 mol/l to account for its double
stoichiometric consumption. While varying the initial
concentration of one reactant, initial concentrations of
others were kept constant. Analysis was done on
Agilent 5890 SlII gas chromatograph equipped with
FID and TCD detectors, using Supelcowax 10 column
(30 m x 0.53 mm) and helium as carrier gas.

Results and discussion
Generally, the investigated process can be
described by the following reactions:

CH3CH.COOH + CH20 — CH2=C(CH3)COOH + H:0

CH3CH,COOH + CH,0 + CH3;0H — CHzZC(CH3)COOCH3 + 2 H,O

CH3;CH>,COOCH; + CH,O — CHzZC(CH3)COOCH3 + H,0O

2 CH3;CH,COOH — (CH3CH2)2CO + H,O + CO,

The dependencies of the products (MMA, MAA
and DEK) formation rates from the reagent (MP, PA,
FA and methanol) concentrations were studied in the
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temperature range 593 — 683 K. The results at 653 K
are shown in the Fig. 1.
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Fig. 1. Dependence of the initial formation rate of methacrylic acid (1), methyl methacrylate (2) and diethyl
ketone (3) from each individual reagent initial concentration: methyl propionate (a), propionic acid (b), methanol

(c) and formaldehyde (d) at reaction temperature 653 K
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From experimental data, it has been established
that the MMA formation reaction in the presence of
the B-P-Zr-W-0,/SiO; catalytic system has the order
close to first (0.93 — 1) with respect to MP and a bit
less than one (0.8 — 0.9) with respect to PA (Fig. la—
1b, curve 1). The order of the MMA formation is
significantly lower than one and is 0.3 — 0.5 (Fig. 1c,
curve 1), which indicates the limiting of the MMA
formation reaction rate by the MP adsorption rate on
the surface of the catalyst, similar to the individual
condensation reaction of MP with FA [7]. The order of
MMA formation with respect to methanol is also
substantially smaller than one and is 0.2 — 0.4 (Fig. 1d,
curve 1).

The reaction of MAA formation has the order of
0.7 — 0.95 with respect to MP and 0.9 — 0.97 with
respect to PA, while the order with respect to FA is
around 0.7 — 0.8 (Fig. la—1c, curve 2). Similarly, to the
individual condensation reaction of MP with FA [7],
an increase in the FA concentration inhibits the MMA
formation rate, but increases MAA formation rate,
which indicates that MAA is formed predominantly by
condensation of PA with FA, and MMA hydrolysis is
insignificant. With respect to methanol, MMA
formation has the order a bit under zero (-0.1 — -0.2),
since methanol does not participate in the MAA
formation and inhibits this reaction (Fig. 1d, curve 2).
It should be noted that both reactions of MMA and
MAA formation are inhibited due to adsorption of FA,
PA and methanol on the surface of the catalyst.

The reaction of the formation of DEK has an
order of somewhat less than 2 with respect to MP (1.4
—1.8) and PA (1.8 — 1.94) (Fig. 1a—1b, curve 3), which
confirms that the rate of DEK formation is limited by

the rate of interaction of PA molecules adsorbed on the
ky

—_—
—————

ky

PA + (%) (PA*)

kj

—
-

ky

(PA*¥) + FA (HMPA)

ke
(PA*) + PA —L—>
k7

(DHMPA)

ko

—_—

(PA*) + M —2 (MP*) + H,0

—_—

MP + (*) 2 (MP¥)

_
k4
where (*) — free active site on the catalyst surface,

(MP*) — adsorbed activated MP, (PA*) — adsorbed

activated PA, (MHMPA) — adsorbed methyl ester of 3-

hydroxy-2-methylpropanoic acid, (HMPA) — adsorbed

(MP*) + FA (MHMPA )

catalyst surface with free PA molecules from the
reaction volume, and in addition is slightly inhibited
by MP due to its adsorption on the catalyst surface.
Also the reaction of the DEK formation has the order a
bit under zero with respect to FA (-0.05 — -0,015) and
with respect to methanol (-0.1 — -0.2), and hence is
inhibited by both reagents (Fig. 1c-1d, curve 3).

Based on this data, the following reaction scheme
can be derived for the process of combined
condensation and esterification of MP and PA with FA
and methanol. PA molecules are adsorbed on active
sites of the catalyst surface with the formation of
activated methylene component, which are next
attacked by FA molecules from the reaction volume
with the formation of adsorbed 3-hydroxy-2-
methylpropanoic acid, which is next dehydrated to
MAA. In the case of the interaction of an adsorbed PA
molecule with another PA molecule, 3,3-dihydroxy-2-
methylpentanoic acid is formed, which is next
converted into DEK due to the splitting out of CO; and
water. In the case of interaction of an adsorbed
molecule of PA with methanol from reaction volume,
the formation of an activated MP molecule occurs.
Also activated MP molecules are formed as a result of
adsorption of MP from reaction volume on free active
sites on the catalyst surface. Interaction of activated
MP molecules with FA molecules from reaction
volume leads to the formation of adsorbed methyl ester
of 3-hydroxy-2-methylpropanoic acid, which due to
dehydration is next transformed into MMA. Taking
into account the practical irreversibility of dehydration
reactions in the reaction conditions [6, 7], the
following scheme was used to derive the Kinetic
model:

ks

—— >  (*) + MAA + H,0
kg

— > (%) + DEK + H,0 + CO,
kys

— >  (*) + MMA + H,0

3-hydroxy-2-methylpropanoic acid, M — methanol,
(DHMPA) — adsorbed  3,3-dihydroxy-2-methyl
pentanoic acid.
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Based on the above reaction scheme and using

steady state approximation, the following equations for

intermediates formation rates can be formulated:

d®./dt = ki-Cpa'(1 — @1 — @2 — O3— @4 — Bs) — Ko'O1 — k3:Cra®1 + Ka-®2 — Ke'Cpa'®1 + k7' @3 + Kio* @1 — Kg:@1-Cym =0
dOy/dt = k3Cra®1 — ka-®2 — ks®2 = 0
dO®3/dt = ke'Cpa-®1 — k7703 —kg:®3 =0
dO4/dt = ki1'Cwp (1 — O1 — @2 — O3— Oy — Os) — K12:Os — K13-Cra-®4 + K14-O5 — Ki0'@4 + Ko'®1-Cm =0
dOs/dt = k13:Cra'®s — K14'®5 — K15°@5 = 0

where:

. — surface concentration of activated PA molecules;
©®; — surface concentration of 3-hydroxy-2-
methylpropanoic acid;

s — surface concentration of 3,3-dihydroxy-2-
methylpentanoic acid;

®,4 — surface concentration of activated MP molecules;
s — surface concentration of methyl ester of 3-
hydroxy-2-methylpropanoic acid;

(1 - 01— 02— O3 B4 — Bs) — concentration of free
active catalytic sites;

Cwp — concentration of MP in reaction volume;

Cra — concentration of PA in reaction volume;

Cka — concentration of FA in reaction volume;

Cwm — concentration of methanol in reaction volume.

Considering that total concentration of catalyst's
active sites is constant, and assuming ®1, 0, @3, Ou,
Os << 1, we can simplify these equations:

d®y/dt = ki-Cpa — k2'@1 — K3:Cra'®1 + K4 @2 — Ke'Cpa @1 + k7°O3 + Ko'Cmp — K10°@1:Cm =0
d@z/dt = k3'C|:A‘®1 — k4'®z — ks'@z =0
dO®s/dt = ke'Cpa-®1 — k7703 —kg:®3 =0
dO4/dt = K11:Cmp — K12:@4 — K13-Cra @4 + K14'O5 —Ko'@4 + k10-®@1-Cy =0
d@s/dt = kls‘CFA'@)A — k14‘®5 — k15'®5 =0

from where we can derive 01, @2, ®3, B4, s via
reagents concentrations and rate constants.

Based on the reaction scheme the following equations
can be formulated for the formation rates of MMA,
MAA, PA and DEK:

Wwma = Ki5-@s;
Wwaa = K5 O2;

Wpa = K1:Cpa - ko'@1 + Ke'Cpa @1 — k7-0s3;
Woek = ke @s.

Substituting here the values of @1, ®;, @3, B4, Os,
with the values derived from steady state equations,
and simplifying the resulting equations by designating
specific expressions of rate constants ki — kis as
effective rate constants k®; — k°fp, we get the
following final kinetic model of combined
condensation and esterification of MP and PA with FA
and methanol:

_KS -Cyp -Cen + K7 -Cpp-Cpa -Cyy

= 1
MUA T 14K .Cy +KE - Cop +KE-C, @)
K .Cpp-C
Wiaa = of : eF;A - ef 2
1+K;] -Cep + K5 -Cpp +Kg -Cy,
Kef C 2
W — 4 PA 3
PR 14K . C + K L Cop +KE L Cy, )
€ € W
WMP = Kgf 'CMP - Klg —MMA (4)

Cea
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Wea = Wyuma + Wiaa +2- Wpex —Wiyp Q)
Wea =Wyma + Wyaa (6)
WM = WMMA - WMP (7)

Effective rate constants K&, K&, K¢, K&, were
calculated from experimental data by linearization of
equation (2) in the coordinates 1/Wwaa — 1/Cpa with
stationary concentrations of FA and methanol (Fig.
2a):

1 Ky -Cpa+Kg -Cy+l 1 N K¢
WMAA Kgf 'CFA CPA Kgf 'CFA

and by linearization of equation (3) in the coordinates
1/Wpek — Cea With stationary concentrations of PA and
methanol (Fig. 2b):

1 K

_ LK Cop +KF-Cy +1
Woe Kif 'CPA2

ef 2
Ks -Coa

FA

Constants K®%5, K, K°f;, K5 were calculated
from the equation (1), and constants K¢, K¢, — from
the equation (4) using data fitting by the least squares
method.

Activation energy of effective rate constants K®';
— K*®fo, were determined from the Arrhenius equation
linearization in the coordinates In(K) — /T (Fig. 3).
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Fig. 3. Linearization of the Arrhenius equation in the coordinates In(K) — 1/T.

Resulting values of effective rate constants and
their activation energies are shown in the Table 1. The
correlation coefficient between the experimental data
of the reaction rates dependencies on the reagents
concentrations and theoretically calculated data from
the kinetic equations (1) — (7) is 0.95 — 0.99. Thus, we
can conclude that the developed kinetic model well
describes the process of gas-phase combined
condensation and esterification of MP and PA with FA
and methanol in the presence of a B-P—Zr-W-0,/SiO-
catalyst, and can be used for technological calculation.

The kinetic model (1) — (7) also can be used for
the partial cases of the studied process. By equating
concentrations of methanol and MP to zero (Cm = 0,
Cwp = 0), the kinetic model transforms in the one for
the condensation of PA with FA to MAA described in
[6]. Similarly, by equating only the methanol
concentration to zero (Cm = 0), the model describes the
process of condensation of MP with FA to MAA and
MMA [7]. Therefore, the kinetic model (1) — (7) can
be used as a general model for kinetics of various cases
of acrylic monomer synthesis by aldol condensation
reactions.
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Table 1. Rate constants of the equations (1) — (7) and their activation energies.

Kefl,lo—Z’ Kef2.10—2’ Kef3.106, Kef4. 105’ Kef5.105, Kef6.10—2, Kef7.107, Kef8.10-3, Kefg.lo 2, Kef10~10'3,
T. K dm? dm? dm® dm® dm® dm? dm* dm? dm? mol
mol mol  |mol-m?-sjmol -m?-s{mol -m®- 5| mol |[mol®-m?-s| mol m® -5 dm?
593 1.348 2.624 1.924 0.0457 0.464 0.384 0.694 1.853 0.678 1.527
623 2.126 3.458 3.268 0.2044 1.045 0.962 1.347 2.729 1.082 2.321
653 3.294 4,955 5371 0.6817 2.341 2.957 2.354 3.924 1.419 3.486
683 4,118 5.725 8.983 1.2452 4,487 7.276 3.629 5.172 2.041 4,743
Ea, 42.7 30.3 57.4 125.6 85.5 111.4 62.1 38.7 40.2 42.7
kJ/mol
Conclusions condensation reaction of propionic acid with for-

In this work we developed the kinetic model for
the gas-phase  combined condensation and
esterification of methyl propionate and propionic acid
with formaldehyde and methanol in the presence of a
B-P-Zr-W-0,/SiO; catalyst. The kinetic model well
describes the process as whole as well as partial cases
of condensation of methyl propionate with
formaldehyde and propionic acid with formaldehyde.
Validity of the model was experimentally confirmed
by the correlation between experimental and
theoretically calculated data.
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MerToro maHoi poOOTH € po3poOKa KIHETUYHOT MOJIEN CHHTE3Y METHIIMETaKPHUIIATy Ta METaKPHIOBOI KHCIOTH
IUIIXOM KOMOIHOBaHOT KOHIEHcalii Ta ectepudikallii METHITIPOIIOHATY Ta MPOIMIOHOBOI KUCIOTH 3 (hOPMAIb/IETiIOM
Ta METaHOJIOM Y IMPHUCYTHOCTI HAHECCHOTO Ha CHIKareib 0op-(ochop-okcHaHOro KaTalizaropa, MPOMOTOBAHOTO
OKCH/IaMH BOJNb(paMy Ta LUPKOHIO. BCTaHOBIEHO 3aJIe)KHOCTI IIBHIKOCTEH YTBOPEHHS METHIMETAaKpHIATY,
METaKpHJIOBOi KHCJIOTH Ta MICTWIKETOHY BiJl KOHIIGHTpalid METHJIPOMIOHATy, TPOMIOHOBOI KHCIIOTH,
(dopmanberiny Ta METaHOIy, a TaKOX MOPSAKH peakmiid (opMyBaHHS KOXKHOTO MPOAYKTY 3a KOKHUM 3 pEarcHTiB.
PesynpTat mokazanm, MmO METaKpUIOBA KUCIIOTa YTBOPIOETHCS IMEPEBAKHO KOHJCHCAIEI METHIIPOMiOHATY 3
(hopManbperiiom, a Tigpori3 MeTHIMETaKpuiIaTy € HesHayHuM. LIIBunKicTh peakitii popMyBaHHS METHIMETAKPUIIATY
JMIMITYEThCSl IBUAKICTIO afcopOIii MeTWINpONioHaTy Ha MOBEpPXHI KaTaizaTopa, a OOHMIBa peakilii yTBOpEHHS
METHJIMETAKpHJIaTy Ta METaKPWUJIOBOI KHCIOTH TalbMYIOTBCS dYepe3 aiacopOliro Gopmanbaerinzy, HpomioHOBOI
KHCIIOTH Ta METaHOJy Ha MOBEPXHi Kartaji3aropa. Buxomsum 3 oTpUMaHUX JaHHX, 3alPOIIOHOBAHO CXEMy pEaKIii,
sIKa BKITFOYA€ YTBOPEHHS MPOMDKHUX CHONYK, TAKUX SK 3-TiJPOKCH-2-METHUIIPOIIAHOBA KHUCIIOTA, ii MEeTHIOBHU edip,
Ta 3,3-AUrigpoKCU-2-METUINICHTAHOBA KHCJIOTa. 3 I[i€l CXeMHM peakiii Oyia BUBEACHA KIHETHYHA MOJCIb 3
BUKOPHCTAaHHSM METOAY CTalllOHApPHUX KOHIEHTpariii. KoHcTaHTH MBWAKOCTI peakmii Ta iX akTWBaIlii AN i€l
Mozeni Oynmu po3paxoBaHi 3 EKCIIEPUMEHTAIbHHX MaHWX. J[iACHICTH MoOJieni eKCHepUMEHTAIBHO IiATBEPIKEHO
KODPEJSIIEI0 MK EKCIepUMEHTATBHIUMU Ta TEOPETUYHO pPO3PaXxOBAaHMMH JaHUMH. TakuM YHHOM, pO3poOiiecHa
KIHETUYHA MOJENb J00pe OmHCye TMpolleCc KOMOIHOBAHOI KOHJCHCAIll Ta ecTepudikaliii METHIIPOIIOHATY Ta
MIPOITIOHOBOT KUCIIOTH 3 (POPMAIBAETIIOM Ta METAaHOJIOM, a TAKOK YAaCTKOBI BHITAJKH KOHACHCAIIT METHIIIPOITIOHATY 3
(hopManpIeritoMm Ta MPOMIOHOBOI KHCIOTH 3 (OPMAIBACTIAOM, 1 MIAXOMUTH IS ONTHMi3allii mporecy Ta
TEXHOJIOTIYHUX PO3PaXyHKIB.

Kntouoei cnosa: rereporeHHU KaTali3, KiHETHKA, KOHICHCAIIS, aKPHJIATH, ecTepudiKaris
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Conversion of glucose into 5-hydroxymethylfurfural on granular zeolite
catalysts
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Biomass-derived 5-hydroxymethylfurfural (5-HMF) is a potential raw material for the production of a wide
range of valuable chemicals and biofuels. Industrial production of 5-HMF from hexoses on solid catalysts is
promising nowadays. Acid zeolites have great potential in application as catalysts for the dehydration of sugars. The
purpose of this work was to obtain granular zeolite catalysts with optimal acidity and evaluate their effectiveness
depending on the nature of the binder used. A zeolite catalyst without binder and samples with 10 wt % of
kaolin/alumina were prepared. Their porous characteristics and acidity were studied by means of nitrogen low
temperature adsorption/desorption, ammonia thermo-programmed desorption, and pyridine adsorption with IR
control. The activity and selectivity of the catalysts for 5-HMF synthesis from glucose in the dimethyl sulfoxide
medium at 160 ~C were studied. The high efficiency of granular samples in glucose transformation into 5-HMF is
confirmed. They are not only not inferior to, but even superior to, powdered samples. The component sources of
Bransted and Lewis acidity of the ammonium form of zeolite, which demonstrates acceptable activity (selectivity for 5-
HMF is 34 %) despite the small number of Lewis centers, are considered in detail. The highest efficiency is
demonstrated by the sample with aluminum oxide, which not only does not significantly deteriorate the microporous
characteristics but also improves the mesoporosity of the catalyst. The selectivity towards 5-HMF on it reaches 44%.
However, the developed mesoporosity of the sample with aluminum oxide is not critical to its activity. The main
influence on the effectiveness of the catalyst in the synthesis of 5-HMF is played by the presence of acid centers of

medium strength.

Keywords: zeolite, glucose conversion, 5-hydroxymehtylfurfural, binder.

Introduction

Biomass carbohydrates are an important
inexhaustible natural source of energy. Biomass-
derived 5-hydroxymethylfurfural (5-HMF) is a
potential raw material for the production of a wide
range of valuable chemicals and biofuels [1, 2].
Industrial production of the latter was realized in 2014
by AVA Biochem based only on fructose [3]. Glucose
dehydration is not an industrial process now, but a lot
of researchers around the world are paying attention to
development of this two-stage reaction.

Isomerization of glucose into fructose is followed
by dehydration of the latter to 5-HMF. Lewis acid
centers are thought to catalyze the first stage, the
isomerization of glucose to fructose via the mechanism
of 1,2-hydride transfer, while Brensted acid centers
promote the second stage, the dehydration of fructose
to 5-HMF [4, 5]. HMF can also degrade into levulinic
and formic acids, as well as polymerize into humins.
As a result, the acidity nature and acid strength of
catalysts are critical factors in the conversion of
glucose to 5-HMF. Inorganic acids (H2SO., HCI,
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HsPO,) are the most widely studied catalysts for
fructose dehydration, whereas catalysts for glucose
transformation are typically a mixture of mineral acids
with metal salts as Lewis acids. There is not much
information in the scientific literature about the effect
of acid strength on 5-HMF yield. Only a few papers
remained focused on this question [6, 7]. It was
demonstrated, that wusing of moderate HCI
concentrations as well as weak maleic acid lead to
better results in comparison with concentrated acid.
The utilization of heterogeneous catalysis in the
transformation of hexoses is regarded as a forward-
thinking and promising direction that will contribute to
the development of technologically feasible processes
for obtaining platform substances from sugars. Some
solid acids have been tested in the conversion of
glucose  or  fructose.  Oxides, phosphates,
heteropolyacids, mesoporous acids, and ion exchange
resins are being investigated as "green" catalysts for
the formation of 5-HMF [1, 6]. Unfortunately, because
solid acids do not dissociate in water, it is difficult to
compare their acidity to that of liquid mineral acids.
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Their acidity is obviously described by using the
sorption  of  basic  compounds, especially
thermoprogrammed desorption (TPD) technique of
basics. The acidity of zeolites is thought to be
comparable to that of mineral acids [7], whereas the
zeolite lattice structure with pores and channels
ranging in size from nanometers to micrometers, as
well as the crystalline arrangement of pores in space,
transforms zeolites into nanostructured materials with
unique properties as molecular sieves. In paper [8]
commercial ultrastable zeolite Y (HUSY) modified
with mineral acids (10-30% H3PO4 and H.SO4) shown
the best 5-HMF yields on the H3;POs-treated sample
with medium-strength acidity. These findings are
consistent with the conclusions of above-mentioned
studies [6, 7].

The importance of using a solid acid catalyst with
a certain spectrum of acidity (with a predominance of
acid centers of medium strength) to improve the
efficiency of zeolite catalysts for the synthesis of 5-
HMF was established in our recent work [9]. Weak-
strength acid sites as well as strong-strength acid sites
seems to be responsible for formation of side products.
However, as is well known that powdered zeolite
catalysts have a number of disadvantages when used,
so the purpose of this work was to obtain granular
zeolite catalysts with optimal acidity and evaluate their
effectiveness depending on the nature of the binder
used.

Experiment

Synthesis of catalyst samples

Two bases for catalysts with kaolin (K-37) and
aluminum oxide (K-38) as a binding component in the
amount of 10 wt% were obtained by mechanical
mixing with synthetic powdered zeolite type X
(SiO2/Al05=2.3), followed by pressing and grinding
with the selection of a fraction of 1-2 mm.

Kaolin of Prosyana deposit (Dnipropetrovs'k
region, Ukraine) was used as a binder. It is composed
of 97 wt% kaolinite, 3 wt% mica, and traces of quartz.
The following are the chemical compositions: 46%
SiO,, 38% Al,O3, 1.12% Fe,0s3, 1.16% TiO,, 0.52%
Ca0, 0.28% MgO, 0.6% K0, 0.31% Na2O, 12.0%
H,O. Gamma alumina (DSTU 8136-85) was produced
by JS Katalizator (Kamjanske, Ukraine).

The acidic properties to the samples were given
by means of consistent ion exchange of native zeolite
sodium on calcium, lanthanum, and ammonium cations
using aqueous solutions of their nitrates (1 mol/dm?) at
150 °C for 3 h [10, 11]. Following each exchange
filtrates were analyzed for cation content. The
inductively  coupled plasma optical emission
spectrometry (ICP OES, Plasma Quant® PQ 9000
Elite, Analytik Jena GmbH) was used for analysis of
filtrates. Table 1 shows cation composition of
synthesized catalyst samples. The calcium-lanthanum-
ammonium form of synthetic zeolite type X (K-35)
and the ammonium form of zeolite type Y (K-36,
Si0,/Al;03=4.7) were used as comparison samples.

Table 1. Composition of the catalysts

Sample Cations, % of total exchange capacity
Ca* La® NH.* Na*
K-35 28 60 12 <0.5
K-36 - - 72 28
K-37 30 55 15 <0.5
K-38 28 52 20 <1
Catalytic test (Quantochrome) high-speed surface area and a pore

The transformation of glucose solutions in
dimethyl sulfoxide (DMSO) was carried out in
stainless  steel autoclaves (20 cm®  with
polytetrafluoroethylene  inserts.  Zeolite catalyst
samples (0.25 g) with 5 g of 10 wt% glucose solution
were heated in autoclaves using an oil bath. The
experiments were carried out at 160 °C for 4 hours.
Experimental details as well as conditions of gas
chromatographic analysis are given in our recent paper
[9].

Catalyst characterization

The porous characteristics of the kaolin-based

samples  were  determined  using  nitrogen
adsorption/desorption isotherms measured at low
temperatures (-196 °C) with a Nova 1200e

size analyzer.

The Lewis and Brensted acidity of the samples
were investigated by utilizing pyridine sorption with
IR-spectroscopic control in the range of 1400-1700
cm 1 (Shimadzu IR Affinity-1S FTIR spectrometer).

The ammonia thermoprogrammed desorption
(TPD) curves were recorded in a gas chromatograph
setup that contained a microreactor [13].

The conditions for catalyst characterization are
shown in paper [9].

Results and Discussions

The porous properties of granular zeolite catalysts
and powder comparison samples were investigated by
low-temperature nitrogen adsorption/desorption.
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Figure 1 shows isotherms for zeolite-containing
catalysts. A number of isotherms (samples K-35, K-37
and K-36) are classical for microporous objects (type |
IUPAC classification) with a small content of larger
pores, while the K-38 isotherm corresponds to type IV
according to the JUPAC and reflects the presence of
different porosities—a combination of microporosity
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and mesoporosity [12]. The latter is reflected by the
presence of a slight hysteresis loop caused by capillary
condensation in mesopores of 2-50 nm. Table 2
summarizes the calculated data on the porous
characteristics of the samples.
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Fig. 1. Nitrogen low temperature adsorption/desorption isotherms for catalysts K-35, K-36, K-37, and K-38

Table 2. Adsorption properties of the catalysts

SBET, St, Stmicro, Vtmicro, VZ, Vmicro/VZ, RDFT, RBJH(des), R,

Sample m2lg | m?g | m3g cmi/g | cmilg % nm nm nm
K-35 572 7.2 565 0.257 0.240 93.4 2.64 0.90 3.06
K-36 528 12.7 515 0.262 0.233 88.9 153 0.99 1.65
K-37 423 9.3 414 0.17 0.19 87 2.8 2.0 0.9
K-38 518 35 482 0.19 0.27 70 2.6 2.0 11

As can be seen from the calculations, catalysts
based on powdered zeolite without a binder (K-35 and
K-36) have the largest BET specific surfaces and
micropore surfaces—more than 500 m?/g. They are
characterized by the highest proportions of micropores
(89-93%). Samples obtained with the use of a binder
are distinguished by higher values of the outer surface.
The addition of kaolin has less effect on the outer
surface, but significantly reduces the BET surface and
microporosity. At the same time, no significant

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33

occurrence of mesoporosity is observed. Apparently,
small kaolin particles to some extent block access to
zeolite cavities. When aluminum oxide is used, on the
contrary, microporosity does not suffer much, and
mesoporosity becomes noticeable. Its part increases to
30% (K-38) compared to 13% for the K-37 sample.
This is also confirmed by the pore size distribution
curves presented in Fig. 2, 3. The dominant diameters
are 2 and 3 nm in the case of all samples according to
BJH and DFT theories, respectively. However, if for
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K-35, K-37 and K-36 the volume of pores larger than
2-3 nm is 0.015 cm?¥g, then for K-38 it is 0.05 cm®/g,

i.e. three times more (Fig. 2). Thus, the increase in

pore sizes is more significant for the sample with
aluminum oxide.
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Fig. 2. Integral and differential pore size distributions calculated from BJH theory using the adsorption (left) and
desorption (right) branches of isotherms for catalyst K-35, K-36, K-37, and K-38
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Fig. 3. DFT-calculated integral and differential pore size distributions for samples K-35, K-36, K-37, and K-38

The acidity of the samples was determined by
means of thermoprogrammed desorption of ammonia
(Table 2). The total number of acid centers in the
samples is quite close. Naturally, for the sample with
kaolin, which has deteriorated the porous
characteristics, the acidity is the lowest because the
access to the acid centers in the micropores is

are in the ammonium form (K-36). However, as is
known, the acidity according to TPD of ammonia
reflects the total number of both Brensted and Lewis
centers.

If in the case of polycationic samples with
lanthanum cations having free electronic orbitals, the
presence of Lewis acidity is not in doubt, it is not so

impaired. All four samples have a significant number clear for the ammonium form of zeolite.
of acid centers of medium strength, but most of them
Table 2. Number of acid sites in the catalysts
Sample Number of acid sites, umol/g
200-350 °C 350-450 °C 450-550 °C Total
K-35 0.45 0.50 0.56 1.51
K-36 0.29 0.81 0.55 1.65
K-37 0.40 0.52 0.50 1.42
K-38 0.35 0.61 0.78 1.74

Fig. 4 shows the spectrum of adsorbed
pyridine on a sample of the ammonium form zeolite K-
36. The spectrum shows a significant Brensted acidity
(intense band at 1543 cm™?) with an indistinct Lewis
acidity (weak band at 1454 cm™). The band reflecting
the combined Brensted and Lewis acidity (1489 cm™)
is also intense. However, based on the chemical
composition of the sample containing exclusively
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ammonium cations and native sodium, only the latter
cations can act as weak Lewis sites together with
extra-framework aluminum. Its existence is highly
probable in view of the lower BET surface and
micropore surface compared to the polycation sample
K-35. Although, in general, this sample clearly has
mainly Brensted acidity.
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Fig. 4. IR spectra of catalyst K-36 in the region of
adsorbed pyridine

Table 3 shows the results of glucose dehydration
at 160 °C for 4 hours in the presence of synthesized
samples. Analyzing the results, it should be noted that,
firstly, glucose conversion was almost complete in all
experiments. In our work [9], we showed the existence
of a correlation between the activity of samples and the
content of ammonium cations in them—the higher the
content of ammonium cations, the higher the activity.
This tendency is generally confirmed on these samples.
The postulated need for acidity of medium strength
according to ammonia desorption is also confirmed. It
is interesting that this medium acidity is largely
contributed by the acidity caused by the presence of
ammonium cations (desorption maximum of 375-400
°C). However, one should not forget about the features
of the pure ammonium form, which has only a weak

Table 3. Results of glucose conversion

Lewis acidity. As it was shown by the sorption of
pyridine, Bronsted acidity is present in it, but it should
be taken into account that during its determination, the
decomposition of the ammonium cation occurred
during vacuuming of the sample at 400 °C. This
decomposition will not occur in the case of catalysis at
160 °C without prior dehydration of the sample. The
ammonium form, which is traditionally used as an
intermediate in the production of zeolite hydrogen
form with classic hydroxyl bridging Brensted centers,
also has a certain intermediate Bronsted acidity [14]. It
is possible to expect protonation of carbohydrates on it
by analogy with well-known processes implemented in
the water environment:

NHs"+ H,O —-> NH; + (H;0)"
NHs" + CeH120s —-> NH3 + (CgHi1306)*

That is why the synthesized samples, even
without decomposition of the ammonium form to the
hydrogen form, still show the appropriate activity,
which is the lowest in the case of the pure polycationic
sample K-35 with the lowest content of ammonium
and medium acid centers, higher for K-37 and the
highest for K-38. In the last sample, in addition to
acidity, the influence of porous characteristics, in
particular mesoporosity, should not be completely
rejected. Diffusion complications for the K-38 sample
are the least since the improvement of mesopores in it
is 30%. K-37 with kaolin as a binder shows worse
porous characteristics (total pore volume significantly
lower) and, accordingly, the lower selectivity.

on synthesized zeolite catalysts

Catalyst Conversion, % Selectivity for 5-HMF, mol%
K-35 98 33.3
K-36 99.1 34.4
K-37 99 40.9
K-38 99.5 43.9

Conclusions

Thus, the conducted studies showed, firstly, that
zeolite catalysts formed by mixing with a binder are
not inferior in activity in the conversion of glucose to
5-HMF in the DMSO environment and may even be
superior to pure powdered zeolites. Secondly, the use
of gamma-aluminum oxide as a binder looks more
promising for obtaining granular zeolites. Its use does
not deteriorate the microporosity of the sample, while
improving its mesoporosity. The optimal strength of
Brensted acidity for the studied transformation is
provided by the introduction of an ammonium cation

into the composition of zeolite samples, which is
reflected in the formation of acid centers of medium
strength, which ensure the course of the target reaction
of dehydration to 5-HMF.

Acknowledgments

The publication contains the results of studies
conducted by grant from the National Research
Foundation of Ukraine project 2020.01/0042.

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33



44

Kamaniz ma nagpmoximin, 2022, Ne33

10.

11.

References
Esteban J., Yustos P., Ladero M. Catalytic
Processes from Biomass-Derived Hexoses and
Pentoses: A Recent Literature Overview.
Catalysts, 2018, 8, 637-678.
Chen N., Zhu Z., Ma H., Liao W., Lii H. Catalytic
upgrading of biomass-derived 5-
hydroxymethylfurfural to biofuel 2,5-
dimethylfuran over Beta zeolite supported non-
noble Co catalyst. Mol. Catal.,, 2020, 486,
110882.
Klausli T. AVA Biochem:
renewable platform chemical
Process Synth., 2014, 3, 235-236.
Choudhary V., Mushrif S.H., Ho C., Anderko
A., Nikolakis V., Marinkovic N.S., Frenkel
A.l., Sandler S.1., Vlachos D.G. Insights into the
interplay of Lewis and Brensted acid catalysts in
glucose and fructose conversion to 5-
(hydroxymethyDfurfural and levulinic acid in
aqueous media. J. Am. Chem. Soc., 2013, 135
(10), 3997-4006.
Li Y., Meng X., Luo R., Zhou H., Lu S., Yu S,,
Bai P., Guo X., Lyu J. Aluminum/Tin-doped UiO-
66 as Lewis acid catalysts for enhanced glucose
isomerization to fructose. Appl. Catal. A: Gen.,
2022, 632, 118501.
https://doi.org/10.1016/j.apcata.2022.118501
Kuster B.F.M. 5-Hydroxymethylfurfural (HMF).
A Review Focusing on its Manufacture. Starch —
Stirke, 1990, 42, 314-321.
Weitkamp J., Hunger M. Acid and Base Catalysis
on Zeolites. In: Cejka J, Van Bekkum H, Corma
A, Schueth F (eds), Introduction to Zeolite
Molecular Sieves. 2007. Elsevier, 787-836.
Pande A., Niphadkar P., Pandare K., Bokade V.
Acid modified H-USY zeolite for efficient
Catalytic  Transformation of Fructose to
5-Hydroxymethyl Furfural (Biofuel Precursor) in
Methyl Isobutyl Ketone—Water Biphasic System.
Energy Fuels, 2018, 32, 3783-3791.
Patrylak L.K., Konovalov S.V., Yakovenko A.V.,
Pertko O.P., Povazhnyi V.A., Voloshyna Yu.G.,
Melnychuk O.V., Filonenko M.M. Micro-
mesoporous kaolin-based zeolites as catalysts for
glucose transformation into 5-
hydroxymethylfurfural. Appl. Nanosci., 2022.
Patrylak L., Konovalov S., Pertko O., Yakovenko
A., Povazhnyi V., Melnychuk O. Obtaining
glucose-based 5-hydroxymethylfurfural on large-
pore zeolites. Eastern-European Journal of
Enterprise Technologies, 2001, 2, N 6 (110), 38—
44,
Patrylak L.K., Yakovenko A.V. Alkylation of
isobutane with butenes under microcatalytic
conditions in pulse regime. Voprosy khimii i

commercialising
5-HMF. Green

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33

12.

13.

14.

khimicheskoi tekhnologii, 2021, 134 (1) 55-61 [in
Ukrainian].

Rougerol F., Rougerol J., Sing K. Adsorption by
Powders and Porous Solids:  Principles,
Methodology and Applications. Academic Press:
San Diego, 1999, 201 .

Yakovenko A.V., Patrylak L.K., Manza LA,
Patrylak K.l. Study of the acidity of zeolite
alkylation catalysts by temperature programmed
ammonia desorption. Theor. Exp. Chem., 2000,
36, 228-230.

Lanzafame P., Barbera K., Papanikolaou G.,
Perathoner S., Centi G., Migliori M., Catizzone
E., Giordano G. Comparison of H* and NHs*
forms of zeolites as acid catalysts for HMF
etherification. Catal. Today, 2018, 304, 97-102.

Haoitiwna 0o pedaxyii 19.09.2022 p


https://pubmed.ncbi.nlm.nih.gov/?term=Choudhary+V&cauthor_id=23432136
https://pubmed.ncbi.nlm.nih.gov/?term=Mushrif+SH&cauthor_id=23432136
https://pubmed.ncbi.nlm.nih.gov/?term=Ho+C&cauthor_id=23432136
https://pubmed.ncbi.nlm.nih.gov/?term=Anderko+A&cauthor_id=23432136
https://pubmed.ncbi.nlm.nih.gov/?term=Nikolakis+V&cauthor_id=23432136
https://pubmed.ncbi.nlm.nih.gov/?term=Marinkovic+NS&cauthor_id=23432136
https://pubmed.ncbi.nlm.nih.gov/?term=Frenkel+AI&cauthor_id=23432136
https://pubmed.ncbi.nlm.nih.gov/?term=Sandler+SI&cauthor_id=23432136
https://pubmed.ncbi.nlm.nih.gov/?term=Vlachos+DG&cauthor_id=23432136

45 Kamaniz ma nagpmoximin, 2022, Ne33

IlepeTBOpeHHsI III0KO03M 10 S-TiApokcuMeTIWIPYpPypoJ1y HA IPAHYIbOBAHUX
HEOJITHUX KaTajgdizaTopax
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Opepxannii 3 6iomacu S-rigzpoxcumetrunpypdpypon (5-'MD) € mOTeHIIiITHOI0 CHPOBHHOIO TSI BUPOOHHIITBA
IIUPOKOTO CHEKTPYy UIHHUX XIMIYHUX pevyoBHMH 1 OionanuBa. [lepceKTHBHMM HampsIMKOM € TPOMHCIOBE
BUpoOHUITBO 5-I'M® i3 rekco3 Ha TBepAMX KaTajiizaTopax. KHCIOTHI IeONiTH MaloThb BEIMKUN MOTEHHial Y
3aCTOCYBaHHI SK Kartaji3aTopiB aeriapatamii mykpiB. Meroro maHoi pobotm Oyno OTpUMaHHS TPaHYJIbOBAaHUX
IIEOJITHUX KaTalli3aTOpPiB 3 ONTHUMAIBHOI KHUCIOTHICTIO Ta OIIHKA iX €(EeKTUBHOCTI B 3alIEKHOCTI BiJl MPUPOAH
BUKOPUCTOBYBAHOT'O 3B’513yr0uoro. byso ofgep:kaHo LeomiTHUI KatanizaTop 0e3 3B’53yI0U0ro Ta 3pa3ky 3 J0JaBaHHIM
10 mac. % KaomiHy/OKCHIy aTIOMiHilO. IX MOPHCTI XapaKTepUCTHKHM Ta KHCJIOTHICTh BHBYAIM 3a JOMOMOTOKO
HU3BKOTEMIIEpaTypHOI a1copOIIii/aecopOIrii a30Ty, TepMOIPOTrpaMOBaHOi AecopOIIii aMiaky Ta aacopOIii mpuAnHY 3
IY-koHTposiem. JlocmipkeHO aKTHBHICTh Ta CEJICKTHBHICTH KaTalmi3aTopiB s cuHTe3y S5-ITM® 3 rimoko3u B
cepemoBuili auMeTHicynbpokcuny mpu 160 °C. IlinTBepmaKeHO BHUCOKY €QEKTHBHICTh PaHyJIbOBAaHHX 3pa3KiB y
MepeTBOpeHHI Toko3n B 5S-'M®. BoHr He TiTbKHM HE MOCTYMAIOTHCS, a HABITh MEPEBEPIIYIOTH MOPOIIKOMOIIOHI
3pa3ku. JletanbHO pO3TJSIHYTO JpKepena kuciotHocTi bpencrema 1 Jlploica aMoHIHHOI QopMH HEOMNiTY, sKa
JIEMOHCTPY€E MPUHHATHY aKTUBHICTh y TEPETBOPEHHI TIIOKO3U (ceneKTUBHICTh 3a 5-TM® 34%), HezBakarouu Ha
HEe3Ha4YHy KUTbKicTh neHTpiB JIptoica. HaiiBumry eexTHBHICTE MEMOHCTPYE 3pa30K i3 OKCHIOM AIOMIHIIO, SKUH HE
TITPKA HE TIOTIPIIye MIKPOMOPUCTI XapaKTEPUCTHUKH, aje W BIOCKOHAIIOE ME3OMOPHCTICTh KaTalizaropa.
CenektuBHicTb 32 5-M® Ha HEOMY nocsiTae 44 %. OqHAaK po3BHHEHA ME30MOPHCTICTD 3pa3ka i3 OKCHIIOM aIIOMIHiI0
BCE K HE € BU3HAYAIBHOIO Y HOT0 akTHBHOCTI. OCHOBHUIA BIJIMB HA €EKTHBHICTH KaTamizaropa y ojepxkanti 5-I'Md
BiJIiTpa€ HasABHICTH KUCIOTHHX IICHTPIB CEPEAHBOI CILUTH.

Knrouoei cnosa: 11€01iTH, KOHBEPCIs TIIIOKO3H, S-TimpokcuMeTmihypdypot, 38’ sa3yro4de.
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Cunre3 i BaactuBocti VPO-kaTamizaTopiB OKMCHEHHS H-0yTaHy Y
MAaJICIHOBHUI aHTIAPH

Onena A. /livok

Tucmumym copoyii ma npodnem endoexonozii HAH Vkpainu, eya. I'enepana Haymosa, 13, Kuis, Ykpaina, 03164;

diyukhelen@ukr.net

Tpaouyitinum ma 6apomepmaroHUM Memooamu OYI0 CUHME308AHO MACUBHI Ma HaHeceHi eanadil-gocpopni
okcuoni VPO-kamanizamopu. Iloxazano, wo euxopucmanns ¢ sxocmi Hocis 0 VPO-gasu nipoeennozo aepocuny, 6
3anedCHOCI 8i0 Yacy 1020 68e0eHHs 8 PeaKyiliny cyMiul, Modce npusecmu 00 YMEOPeHHs (azu npexypcopy 2iopo-
docpamy sanaoury VOHPO40.5H0, abo ¢azu nipogpocgpamy eanaouny (VO):P207, xamanimuuno axmuenoi 6
Peaxkyii cenekmueH020 OKUCHEHHs. H-Oymany 00 maneinosoco ameiopudy. Buxopucmanns y sxocmi nocis oas VPO-
Gasu mooughikosanozo aepocunozenro, cQOpPMOBAHO20 HA OCHOBI AEPOCUTY, APUBOOUMb 00 YMEOPeHH:A asu
VOHPO40.5H,0. Busuaueno, wo npupooa uocisa eénmusae wa ocooausocmi gopmyeannsi gpazu VOHPO40.5H,0,
30KpeMa, Ha ChiGEIOHOWEeHHS Kpucmanozpagiunux niowun 6 ompumaniu VPO-¢asi. Buxopucmanmus aepocuny sk
HOCisl 6e0e 00 3HUIHCEHHS BIOHOCHO020 8MICMY OA3AIbHOI NIOWUHU, 8 MOLL YAaC K BUKOPUCMAHHI AepOCUTIO2eNt0 NPUBO-
Oums 00 3pOCMAaHHs 8IOHOCHO20 émicmy bazanvbHOi naowunu y Haueceniti VPO-gaszi. Jlocniooxceno xamanimuuni
enracmusocmi macusnux ma Harnecenux VPO-3paskie 6 peaxyii cenexmugnoco oxkucuenHs H-0ymany 00 ManeiHo8ozo
anziopudy y cmandapmuiii (1.700%) ma 36aeaueniti (3.406%) na n-oyman cymiwax. Bcmanognerno, wo 6 36azayenii
CyMiwti 0I5t MACUBHUX 3PA3KI6 PI3KO SHUNCYIOMbCS KOHEEPCIS H-OVMAHY ma CeNeKMUGHICMb 3a MANCIHOBUM aH2IOpU-
oom. Bcmanosneno, wo uameceni VPO-cucmemu marome 6inbuty numomy wuUOKiCmv OKUCHEHHs H-Oymawny ma
OLnbULy NPOOYKMUBHICMb, NOPIBHAHO 3 MACUBHUMU 3pa3kamu. Tlokaszano, wo sUKOpucCmanHs OapoOmMepManbHO20 CUH-
me3y ma aepocunozento K HoCis 003804UN0 NIOSUWUMU CENIeKIMUBHICMb 3 MANEIHOBUM AH2IOPUOOM, WO NO8 A3AHO 31
30iMbUEHHAM BIOHOCH020 émicmy bazanvhol naowunu VPO-paszu. Jlocsenymi nokpaweni KamauimuyHi é1acmuéocmi,
Hanecenux Ha aepocunozenv VPO-kamanizamopis, pooiims nepcneKmueHUM 8UKOPUCMAHHS MEeXHOA02I] peyuKiy, uo

8 CBOI0 Uepey Modice 3p0OUMuU BUPOOHUYMBO MAEIH08020 AHLIOPUOY Oilb eKOHOMIYHO BUSIOHUM.

Knrouoei cnosa: \VPO-karanizatopu, #-0yTaH, MaJeTHOBHUI aHTiIPH/I, KATAJIITAYHE OKMCHEHHS

Bcemyn

Hapaszi BuUpOOHHWITBO MalIeHOBOTO aHTIAPUAY
(MA) cknamae 2.8 minbiioHa METPUYHHX TOH, 1 JI0
2026 poky cranoButuMe 3.18 MinbiiOHA METPUYHHUX
ToH [1], mpu upomy kommanisi Bloomberg nporuo3sye,
mo g0 2026 poky puHok MA Oynae ctaHoBuTH 3.4 Mi-
Jbsipzia gonapis [2].

Ho kinng 80-x poKiB MUHYJIOTO CTOJITTSI OCHOB-
HOIO CHPOBUHOO Ui BUpPOOHMIITBA MA OyB O€H30IL
Onnak, micng Toro, sk y 1966 poui beprman n ®@puin
[3] BcTanoBMIIHM, IO Ha BaHAAiH HOCHOPHUX OKCHIHHUX
cUCTeMax MOXIIMBE TMPOXO/PKEHHS CEJIEKTHBHOTO
OKHCJIEHHSI H-OyTany no MA, maiike Bce BUPOOHMII-
TBO MOCTYIOBO OYyJIO NMEPEOpi€eHTOBAaHO Ha H-OyTaH y
SIKOCTI CUPOBUHH. P0O3paxyHKH JTOBONSTH, IO TPOIIEC
onepxanHs MA Ha ocHOBi #-OyTany Ha 34% BurigHi-
MK, HDK Tpouec Ha ocHOBI Oenzony. Bin Ha 28%
MEHIIl CHEPTOEMHUN Ta JIO3BOJISIE CKOPOTUTH BUKUIH
CO; na 43%[4]. bararopiune BUBYEHHS [IHOTO KaTai-
TUYHOTO MPOLECY JO3BOJMIO BCTAHOBUTH, IO OCHOB-
HUM aKTHBHUM KomIioHeHToM VPO-karamizaTopiB €
¢aza mipodocdary Banamuny (VO).P,0; (ITOB). Ca-
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Me 3aBJISIKY 11 YHIKaJIbHIA CTPYKTYpi Ta BIACTHBOCTSIM
CTaJ0 MOMKJIMBUM BIIPOBADKEHHS I[OTO IIPOIECY Yy
npoMucioBicTh. OAHAK, HE3BAKAIOYM HA Oaratopiuny
ICTOPIIO TOCTIKEHHS II€] KaTaTiTUYHOI CUCTEMH Ta 11
BUKOPUCTaHHSI y MPOMHCIOBOCTI, B OCTaHHI POKHU
CIIOCTEPITAETHCS CTarHalis y KaTATITUYHUX MOKa3HH-
Kax JIaHOTO Tpolecy, a AesKi HAyKOBl 1 NMpakTH4Hi
MUTaHHS I0J0 Tepebiry AaHoro mpolecy Tak i He
oJIeprKalii OBHUX Bianosizel [5]. B HaykoBiii niTepa-
Typl iCHye BelW4Ye3Ha KUIBKICTh MyOJKaiiid, B TOMY
YUCII W OIJISIOBUX, BIAHOCHO BIUIMBY (hi3uko-
ximMiuHMX BiactuBocTet VPO-kaTanmizaropiB Ha mpo-
LeC OKHUCHEHHsI H-OyTaHy Ta crocoOy IX MOKpalieHHs,
aJe 1e, 3a3BUYail, CTOCY€eThCS CTaHAAPTHUX YMOB IPO-
BEJICHHS IIPOIleCcy, KOJM BMICT BYTJICBOJHIO B peak-
HiiHii cymimni He nepesuirye 2%. CboroaHi nepemnek-
TUBHMMH CTalOTh JOCII/DKCHHS! HampaBlieHi Ha CTBO-
pernss VPO-katanizaTopiB, 3/1aTHUX MOKPAIIUTH O-
Ka3HUKH TIpollecy ojaepkaHHs MA, skuid niepebirae 3a
MiABHUILEHOTO BMICTY H-OyTaHy B peakUidHIi cymimn
[6-11], ockinbKu BHKOpUCTaHHS CyMilel 30araueHux
Ha H-OyTaH JI03BOJISE ICTOTHO MIiABUIIUTH MPOTYKTHB-
HICTb 32 MA, 3 MOXJIMBICTIO peaii3alii peuukiIy Byr-
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neBonHio [12,13]. Taka 3amaua nepeabdayae CTBOPEHHS
KaTaIITHYHUX KOMIIO3MLIH €(EeKTHBHUX IPH IPOBeE-
JeHHI TpoIlecy B KUIUITIOMY Iapi KaTali3aropa, CTii-
KUX 10 CTHpaHHs Ta meperpiBy [14-16]. Ha sxanp €
oy’ke OOMEXEHa KUIBKICTh JiTepaTypHUX JDKeped,
MPUCBAYEHUX 3aCTOCYBaHHIO HMOMIOHMX KaTaJiTHYHHX
KOMITO3MINIM TIPH TiABHUINEHIN KOHIEHTpaIii ByTJIeBO-
JHIO, a OrJsAoBI myOmikamii A7 IBOTO HAIPSMKY
JOCTI/DKeHb B3araii BincyTHi. PasoMm 3 TuM Bimomo,
III0 OCHOBHOIO TPOOJIEMOI0 BUKOPHUCTAHHS CHHTE30Ba-
HUX Tpamuiiiaumu Metogamu VPO-karamizaTopiB €
pi3ke moripiIeHHs sIK KOHBepCii #-OyTaHy, Tak i celek-
THBHOCTI 32 MA B 30aradcHiii #-0yTaHOM peaKIliiHiN
cymimi [17]. VemimHe nokpamnieHHs noka3uukis VPO-
KaTali3aTopiB MOXJIHMBE NPU IXHBOMY HAaHECEHHI Ha
PI3HOMaHITHI HOCII.

OmHak, OCHOBHOIO TpPOOJIEMOIO TIPH CTBOPCHHI
HaneceHnx VPO-karamizatopiB 3 BHKOPHUCTaHHIM
TpaJULIHHUX METOJIB CUHTE3Yy € OJCpXKaHHs Ha IOBe-
pxHi HOCis akTuBHOI (asu [IPB. Tak B podoTax [18-
22] nokasaHo, mo npu HaHeceHHi VPO-cucremu Ha
TiO2 dopmyerscss daza VOPOs, sKa MicTUTH
m’siTuBasieHTHHH  BaHanid. llpm Hanecemni VPO-
cucremu Ha teoniti mopsn 3 (VO)2P207 croctepira-
nock hopmyBanas Takux (a3 sk y-VOPQOs, al-VOPOy,
VOPO,-2H,0 [23]. s VPO-cucTeMu, HaHECEHOT Ha
SiO; [24-25], cnioctepiraerbest GOpMyBaHHS JOMIIITKO-
BUX (1)33 y-VOPO4, VO(H2P04)2, al-, all-, B-, Ta M-
VOPO;.

Ha mHamy nymKy, TpH CTBOpPEHHI HaHECCHHX
VPO-karamizatopiB TEepCHEKTUBHUM OyJe 3acTocy-
BaHHS HETPAJMIIIMHAX METOJMIB CHHTE3Yy, 30KpeMa
OaporepmanbHOro merony. Lleit meron cuHTE3y n0-
3BoJsie orpuMmaru aktuBHy VPO-da3y karamizatopa i
MPU IIBOMY CKOPOTHTH Yac CHHTE3y Ta BUTPATH JIOTIO-
MDKHUX pedoBuH [26-29]

Mera naHoi poOOTH TOJIsATaNa Yy CTBOPEHHI HaHe-
cenux VPO-kaTanmizatopiB i3 3acTOCyBaHHSIM 0apo-
TEPMaIBHOTO METOJly, BUBUCHHI IX KaTaliTHYHUX BIIa-
CTUBOCTEH B CTaHJAPTHHUX Ta 30arayeHuX H-OyTaHOM
CyMillIaX Ta TOPIiBHSHHI iX 3 KaTAIITHIHUMH TTOKa3HU-
kamu VPO-karanizatopiB, OACpKaHUX TPATUIIHHUM
METOJIOM.

Excnepumenm

Mamepianu ma memoouxu cunmesy

Jliis ipoBeZIeHHsT BCIX CHHTE3IB Y SIKOCTI BUXiJI-
HUX pearcHTiB BuUKOpucTOBYBaau: V205 (4.m.a.),
H3PO, 85 mac% (4.1.a.), H-OyTaHo (4), IaBIeBy KUC-
oty (4). Sk Hocii Oyno BHUKOPHCTAHO [Ba 3pa3Ku
MiPOreHHOTO AEPOCHUITY 3 IUTOMOKO TIOBEPXHEK 50 M%/T
i 300 M*/r (Bupobrunreo Kanym, Ykpaina), mosnaue-
Hi sk A-50 1 A-300, Bignosiguo. Ille ogHuM HOCieM
BUCTYIIaB aepOCHIIOTENb, KU OyB CHHTE30BaHUI Ha
ocuoBi A-300 [30]. Aepocumorens mMae MUTOMY IIO-
BEPXHIO Sger = 131 M7/, copOLiHMI 00’ em
Vs = 1.3 cM¥r npu cepemrbomy posmipi mop 39.7 Hwm.

Aepocuyiorens (aepocuiorens () momepenHbo Oyio
MOIU(IKOBAHO PEYOBHHAMH. 2-TiIPOKCHOECH30MHOIO
kucinoror (aepocunorens 1) Sger= 90 M?/r, (aepocn-
jorens_2)  2-Trigpokcu-1,2,3-mponaHTpruKapOOHOBOO
KUCIOTOK Sper = 95 M?/r, (eHinmeranonoM (aepocu-
norensb_3) Sper= 82 M%/r, i n-OyraHonoM (aepocuio-
renb_4) Sger= 88 M, Ta 1,4-6yranmuonom (aepocu-
norens_5) Sger = 68 M2/T.

Lli pe4oBMHM 3aCTOCOBYIOTHCS SIK BiJHOBHHUKH
[IpH TIPOBEJICHHI TPAIUIIITHOTO CHHTE3Y.

[Ipu cunresi VPO-karamizatopie V20s i H3PO,
3MIlTyBAId B ONTUMAJbHOMY aTOMHOMY CIIiBBiJHO-
menni P/V =115 y cepenoBumi #-Oytanomy. Ilpm
CHHTE31 HaHECeHUX 3pa3KiB JOTPUMYBAJIOCH CITiBBiJ-
HoureHus VPO/Hociii = 3/7.

Tpaouyitinui cunmes VVPO—xamanizamopie

Cnoci6 1. B xon0Oy 06’emom | 11 3aBaHTa)XyBaH
V205 (24 1), n-6ytanon (300 mu), HsPO4 (20.8 mi) i
maBlneBy Kucioty (14.2 r), sika cupusie OiTbII JerKOMY
BiHOBIEHHIO i0HiB V°*. CyMiln HarpiBaiu g0 TeMmre-
parypu kuminHs #-Oytanony (117.7 °C) Bopomosxk 20
TOJWH TPH 1HTEHCHBHOMY MepeMilnyBanHi. Opepika-
HUH 3pa3ok MacuBHOTO VPO-KartamizaTopa mo3HaueHo
sk VPOr.

TpaauuiiinuM MeTOmOM CHHTE3y OYyJ0 onepiKa-
HO TpH 3pa3ku HaHeceHnx VPO—karamizatopis. 3pa3ok
VPO1/A-50m onepixyBaiy Ipy B3a€MOIT CyMillri, SIK y
cnoco0i 1, 3 108.6 r A-50 3 mojganpIIMM HarpiBaHHAM
gk y cmocobi 1. 3paszok VPO1/A-300m oxepskyBamu
IIpH B3aeMOIi cymii, K y crocobi 1, 3 108.6 ¢ A-300
3 MOAAJbIIMM HAarpiBaHHsM sIK y crmocobi 1. 3paszok
VPO1/A-300x oxepxyBaii MpH B3a€EMOJIIT MPOAYKTY
cuHTesy 5K y crocobi 1 3 108.6 r A-300.

bapomepmanvuuii cunmesz VPO-xamanizamopis

Cnoci6 2. Y TednoHOBUI BKJIQJUII aBTOKJIaBa
3aBaHTaxyBanu cymim: 21 V205, 1.17 T masieBoi
kucnotd, 1.65 M HiaPO4 ta 5.5 Mt #-Oyranomy. Mix
CTIHKaMH{ aBTOKJIABY Ta BKJIAUIIEM JIOJABAIN 7 MIT H-
OyraHosiy. Cunte3 nposoauu pu 170°C Brpogox 7
TOJINH, THCK B aBTOKJIaBi CTAHOBUB 5 atM. OepKaHui
3pa3ok macuBHOro VPO-—karamizaTopa Mmo3Ha4eHO SK
VPOs.

baporepmansauii  cunTe3 3paska  VPOg/A-50
BKJIFOYAB JIO/IaBaHHS JI0 PEAKINIHOI cyMili, 5K y CITo-
co6i 2, 9.05 r A-50 3 mojankpnIol0 00pPOOKOIO SIK Y
crnoco0i 2.

Baporepmansuuit cunres VPO-karamnizaropiB Ha-
HECCHUWX Ha PIi3HI 3pa3kl aepoCHIIOreNl0 BKIIOYAB
JIOJIABAaHHS JI0 PEAKIIHOI cyMilln, K y crocodi 2, mo
9.05 r pizHuX MOAM(DIKOBAHHUX 3Pa3KiB aepOCHIIOTEIIIO
3 MOJANBIIO 00pOOKOIO SIK Y cmocobi 2. Oxpepixkai
3pa3ku Oysno mo3HaueHo sk VPOg/aepocuiiorens 0,
VPOgs/aepocunorens_1, VPOg/aepocunorens_2, VPOg
/aepocwnorens_3,  VPOg/aepocunorens_4, VPOs
/aepocHioremnb_S.

Bci 3pasku micis CHHTE3Y CYNIMIIU il BAKYYMOM
ipu 270°C.
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Memoou 0ocniodicenHst 00epIHCAHUX 3PA3ZKIE.

Pentrenogazopuii ananiz (P®A) 3paskiB mpo-
BemeHo Ha gudpakromerpi JPOH-4.0 (CuKa,
2=0.1542 um). Posmip kpucramitiB Oyno po3paxoBaHO
3a piBusaassM Illepepa. ITuromy moBepxHio (Sger)
BH3HAYAIX 3 130TepM aacopOirii-necopOrlii a3oty mpu -
196°C, orpumanux Ha ycranoii «Nowa Win 2». Cy-
MapHuii 06’em mop (V) s HaHECEHUX 3pa3KiB BU-
3HAYaJId METOJIOM TPOCOUYEHHS (HOPMOBAHHMX 3pasKiB.
Katamitnaai MOCTiIKEHHS B peakIlii CEJICKTHBHOTO
OKHCHEHHA H-OyTany no MA Oyno mpoBeaeHO B
YCTaHOBLi MPOTOYHOTO THUIY 31 CTaJbHUM PEaKTOPOM
niamerpom 6 MM Ta mopxkuHOIO 10 cM. 3arpyska kara-
nizatopa cranosuna 0.5 cm® (ppakuis 0.25-0.5 mm).
Peakmiitna cymim mictuia 1.7 a6o 3.4 06% w-OyTany
y moBiTpi. HIBHUAKICT MOTOKY peakIiitHOI cyMmirmi
cranoBmia 20 Mi1/xB. BuxinHi pedoBHHH Ta MPOAYKTH
peakiiii aHaJli3yBajM 3a JOTOMOTOH JBOX XPOMATOTr-
padir B pexxumi on-line. 3a gomomororo SelmiChroml
(“Cenmi”, YkpaiHa) ¢ HETEKTOPOM IO TEIUIOTPOBIiJ-
Hocri (JTII) 3xiicaroBanu anamiz Oz, CO ta CO,. s
ananizy Oz Ta CO BUKOPUCTOBYBAIX KOJIOHKY 3 LIEOJIi-
toM NaX (miamerp yactunok 0.25-0.50 MM, moBxHHA
kojoHku 2 M). Jns amamizy CO, Oyma BHKOpPHUCTaHA
kononka 3 cuiikareinem (KCK-2.5, niamerp wactuHOK
0.25-0.50 mm, moBxuHa KONOHKKA 3 M). Opraniudi
CHONYyKH: H-OyTaH, MaNeTHOBUI aHTiAPUI Ta MOXKIUBI
JIOMIIIIKKA aHAJII3yBaJk 3a JIOTIOMOTOK XpomaTtorpada
CHROM 5 3 III merextopom. J[is po3nmijaeHHS pedo-
BHH BHKOPHCTOBYBAIIM KOJNOHKY 3 (hazoto F-50, Hane-
CEHOI0 Ha CHJIOXPOM (JIOBXKHHA KOJIOHKHU 1 M).

CrexioMeTpU4HE PIBHSIHHS 3a SIKUM Iepedirae
MPOLIEC MA€ BHUTJISIL

C4H1o0 + 3.5 02, — C2H3(CO).0 + 4H,0,
AH = - 1236 xJI>x/Monb

st po3paxyHKiB KoHBepcii #-0yTany (X-syran), CE-
nexTuBHOCTI 32 MA (Sma), Buxoay 3a MA (Yma), nu-
TOMOI BUIKOCTI OKMCHEHHS H-OyTaHy (W), Mpo-
nykTuBHOCTI 32 MA (Nma) BUKOPHCTOBYBAIIM PiBHSH-
Hs (1)-(5), BiamoBigHO:

X _ Cf—ﬁ:.‘mmf_cr—ﬁ;.'mm " 1{]0,:};
H—EYMaH oo ' G Y
R —GymTH

iy
Sﬂ'fﬂ == MAK * 1{]0% (2)
CE—E}"IE.E_CE—E}"I'EE
Ky —pyran*“MA4
Ya=—1———+ 3
M4 100% ®)
Ky —yran * Ve —6yran
Waar = (4)

100% # My —pa

Yara*Ve—tyram

Nyg =———"—7"7"7 5
MA = 00% e ®)

]

1€ € s — KOHUCHTpALIs #-OyTaHy y BUXIIHIH
o au P .
peakuiiiniin  cymimi, Cy_s..0 KOHIIEHTpALs  H-
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OyTaHy B peakmiiHii cyMmimmi micisa peakTopa, Cppg —
KOHIIeHTpaIlis MA B peakmiiHiil cymimti Ticis peak-
TOpa, Vi6yran — MIBUIKICTH TOJa4i H-OyTaHy y peakTop
(monw/ron.). [Tapamerpu Wowr i Nma Oyiu BigHECEHI 10
1 xkr VPO-dasu.

[Toxnbka OamaHCy 3a ByTJelleM HE TEPEBHIIY-
Basa 6 %. Bci karanizaTopu mparroBain 6e3 BTpatu
KaTATITHYHUX TTOKA3HHKIB IOHAHMEHI BIPOmoOBXK 20
TOJIVH.

Pes3ynomamu ma ix 062060penns

Ha penTtreHorpami MacuBHOTO 3pa3ka, OTpHUMaHO-
ro B Tpaauiiitauii coci6 (VPOr), mpucyTtHi pediekcu
rizpodochary Banagmnry VOHPO,0,5H,O0 (I'®B)
(puc. 1a). Merogom P®DPA nanecenux VPO-3paskis,
CHHTE30BaHUX B Tpaauiiitauii crocio (VPO/A-300m i
VPO1/A-50m), Takox mokazaHo GopMmyBaHHsS (azu
I'®B 3 yciMa ocHOBHHMH pediekcaMu, po3TalioBaHu-
MU Ha (JOHI MOTYKHOTO TaJio, XapaKTEPHOTo I Kpe-
mHe3emy. Ha pentrenorpami 3paska VPO1/A-300k Ha
(hoHI TIOTY)KHOTO TajO CIIOCTEpITAUCh pedIiekch
(100) (20 = 23.0°), (024) (20 =28.4°) Ta (032) (20 =
29.9°), mo cBiguuTh npo yrBopeHHs ¢azu [1DB.

3 miTepaTypHHAX JaHHUX AOOpE BiIOMO, IO cepen
pizHomaniTHUX VPO-da3, siKi MOXYTh YTBOPIOBATHUCS
npu cunresi, popmyBanus OB (VOHPO40,5H,0) €
HalOLIbI Oa)kaHMM, OCKIJIBKH € OCHOBHOIO HEOOXIis-
HOIO YMOBOIO JUISl CTBOPEHHSI aKTUBHOT'O KaTtalizaTopa
JUISL TIPOLIECY CEJIEKTUBHOTO OKHMCHEHHSI H-OyTaHy 1O
MA [31]. 3asBuuaii suesoguenas VOHPO, 0,5H,0 3
tdhopmyBanasim (VO):P,0; BinmOyBaeThcsi 0e3 yckiana-
HEHb TPU HarpiBaHHi Ha MOBITPi B TPHOX TEMIIEPATYp-
nux intepBanax (423-473 K, 693-773 K, 813-863 K)
3a HaCTymHOI cxemoro [32,33]:

2VOHPO,-0.5H,0 — 2VOHPO4 —
(VO),P,07(amopdpua) — (VO).P.Or(kpucraniuna)

Xoua e crocid i 03BOJIIE OTPUMATH MACHUBHY
¢azy II®B, xartamiTH4Hi BIACTHUBOCTI OTPUMAHOTO
3pa3ka 3HaYHO TOCTYMAIOTHCS KAaTAIITUIHUM BIIACTH-
BOCTSIM 3pa3KiB, ojiepkaHux aktupaiieio [' @B Gesrmo-
CepeIHbO B KaTATITHYHOMY PEaKToOpi B MPUCYTHOCTI
CyMillli BYTJIEBOJCHb-TIOBITPs. ToMy B nabopaTOpHUX
ymoBax neperBopeHHs ¢azn VOHPO4-0.5H,0 y kara-
mitnuHo akTuBHY ¢azy (VO):P.O7 3niiicHioeTbes y
peakiiiHii cymimn 3a temneparypu 390°C npotsrom
30-100 roauu [34]. B mpommHCIIOBHX yMOBaxX aKTHBa-
uito '®B mpoBoaste Bipoox 500 roguH B peaxiiiii-
Hill cymimi npu Temmeparypi 400°C mo mocsrHeHHs
MaKCUMaJIbHUX 3HAaueHb BUXOJY MA Ta MpOJyKTHB-
HocTi 32 MA [16]. Pa3zom 3 tum, nogaBanus A-300 1o
chopmoBanoi VPO das3u crpuse BupaneHHIO 3 Hei
BOJM Ta OTpHMaHHIO akTHBHOI Bazu [IDB 6e3 HeoO-
XIZHOCTI JTOBrOTPHUBAJIOi BHUCOKOTEMIIEPATypHOI 00-
pooku (3pazok VPO1/A-300k). ImoBipHO, akTHBHA
ajcopOLis BOAM aepOCHIIOM CIIpHsE MPUCKOPEHIH Ie-
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rigpatauii I'®B i popmysannio (VO)2P207. Ls 0cob-
nuBicTh cuHTEe3y 3paska VPO1/A-300k mo3Bossie
3HAYHO CKOPOTHUTH Yac, CHPOBHHHI Ta CHEPIETHYHI
pecypcH Ui OTpUMaHHsI aKTHBHOTO KaTai3aTtopa.
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Puc. 1. Penrtrenorpamamm VPO-karamizatopis,
CUHTE30BaHUX TpaauililinuMm Metomom: a) — VPOr,
6) — VPO1/A-50m, B) — VPO1/A-300m, 1) — VPO/A-
300k.

Pentrenorpama macusHoro 3pazka VPO € mo-
niororo 10 VPOt i MICTUTh BCi OCHOBHI peduiekcH
dasu 'OB (puc.2 a). Ha pentreHorpami 3paska
VPOg/A-50 Ha ¢oHi He mKyKe IHTEHCHBHOTO TaJIO TPH-
cyTHi ocHOBHI pediexcu ['®B sk i Ha peHTreHOrpaMi
MacuBHOTO 3pazka. Ciim BiIMITHTH IO JJs 3pa3ka
VVPO3/A-50, B nopiusinai 3 VPO1/A-50m, rano € 3Ha-
YHO MeHIM, a pediekcu ¢asu rizpodocdary BaHa-
JUTY OLJTBIIT BY3bKi 1 IHTEHCHBHI, IO BKAa3ye Ha OLIBITY
KPUCTANIYHICTh 3pa3Ka OEepiKaHOro 0apoTepMabHUM
METOJ/IOM.

Ha puc. 3 HaBeneno penrrenorpamu VPO 3pas-
KiB HAaHECEHUX Ha acpoCuiIoreb. SIK BUJHO, ISl BCiX
3pas3kiB crocTepiraerbest yreopenns ¢aszu ['OB. €nu-
HOIO OCOOJIMBICTIO OJIEpKaHUX PEHTIEHOIpaM € AesKe
pO3MIUpeHHsT peduIeKCiB, MOPIBHAHO 3 Pe3yJIbTaTaMU
HaBeJICHUMH BUIIIE.
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Puc. 2. PertrenorpamamMu MacuBHOTO i HAHECEHOTO

Ha aepocun VPO-karamizaTopiB, CHHTE30BaHHX Oapo-
TepManbHuM MeTooM: a) — VPOsg, 6) — VPOg/A-50.
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Puc. 3 PeHtreHorpamMaMu BHXIJHOTO aepOCHIIO-
el Ta HaHeceHUX Ha aepocuiorens VPO-
KaTaii3aTopiB, CHHTE30BaHUX 0apoTepMallbHUM METO-
noMm: a) — aepocwiorens 0, 6) — VPOg/ aepocwuiio-
renb_1, B) — VPOg/aepocumorens_2, 1) — VPOs
/aepocuiorens_3, n) — VPOg/aepocuiiorens_4, €) —
VPOg/aepocuorens_5.

Ak BuaHO 3 Tabm. 1, BUKOpUCTaHHS HOCIS J103-
BOJISIE CYTTEBO 301IBIIMTH MUTOMY MOBEPXHIO (SpeT) Ta
copOuiitauii 00’em (Vs) kartamizaropis. [Ipu HaHeCEeHHI
VPO-karanizatopiB Ha HOCiH, mapameTpu MOpyBaToi
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CTPYKTYpH HOCiS 3MEHIIYIOThCS, IO OOYyMOBIIEHO
iMmmoOinizaniero ¢asu ['OB B mopysariii cTpyKTypi
HOCis Ta/ab0 OJOKYBaHHSIM JAESIKUX IOp YaCTHHKAMH
¢asu ['®B. 3a cniBBigHOmEeHHAM Sper 1 Vs MOXHa
3pOoOUTH BUCHOBOK TPO HASBHICTh 3HAYHOI KiJTBKOCTI
Makpo- 1 Me3omop B oaep:kaHux HaHeceHux VPO-
Karaiizatopax. BpaxoByroun 3Ha4yHy Kinbkicth VPO-
(a3u mpu HaHECEHHi, Ha MOBEPXHi HOcig OymyTh Qop-
MyBaTHCA TOBOJI Benuki vacTuHKu VPO-da3u. Po3mip
kpuctamity (L) dasu DB, po3paxoBanuii 3a po3iin-

PEHHSIM PEHTIeHIBCBKUX peduIeKCiB, Ma€e CKIAAHY 3a-
JISKHICTP BiJl METOAY CHHTE3Y 1 BUKOPHUCTAHOTO HOCIS 1
s Bcix VPO 3paskiB 3HaXOAUThCs B Mexax 19-
32 uM. B minoMy MoXHa CTBEpKYyBaTH, 0 BUKOPHUC-
TaHHS K HOCIS MOJU(IKOBaHUX 3pPa3KiB aepOCUIIOTe-
JIFO TIPUBOJUTH 10 yTBOpeHHs apiOHimmx (19-21 um),
MOPiBHSAHO 3 IHIIMMH 3pa3kaMd, KPHUCTAJITIB ¢a3n
I'®B. Ha ixHiii po3mip MpakTUYHO HE BIUIMBAE MPUPO-
na MmoaudikaTopa aepoCHIIOTEIO.

Tabmuus 1. CTpykrypHi Biactusocti VPO-karanizaropis

3p330K SEET, MZ/F Vz, CM3/F L, HM |001/|220
1 VPOt 25 - 23 1
2 VPO1/A-300m 226 151 23 0.7
3 VPO1/A-300k* 189 1.40 16 -
4 VPO1/A-50m 46 0.93 28 0.7
5 VPOs 6 - 24 1.0
6 VPOg/A-50 50 1.05 32 0.9
7 VPOg/aepocunorens 0 98 0.88 19 1.69
8 VPOg/aepocumorens_1 73 0.85 20 1.54
9 VPOg/aepocuiiorens 2 67 0.77 21 1.31
10 | VPOg/aepocuiorens 3 66 0.91 20 1.14
11 | VPOg/aepocunorens 4 58 0.87 20 1.02
12 | VPOg/aepocuiiorens 5 47 0.75 20 0.66
* — IUI1 JaHOTO 3pa3ka HaBeneHO maHi i dazu [1DB.

B Tabn. 1 HaBeneHO CIMIBBITHOMICHHS IHTCHCHB-

HOCTi peduiekciB 6azanpHoi mwiomuan (100) g0 GiuHOl 1.75-

mwiomuHu (220) (loot/l220). Sk Bxe 3a3Havanoch paHi-

e, peakilisi CEeJCKTUBHOI'O OKHUCHEHHs H-OyTaHy J0 150

MA € CTpyKTypHO YYTJIHBOK 1 TEPETBOPCHHS H-

Oyrany Ha MA BinOyBaeTbcst came Ha 6a3zanbHiil 1m0- 8 1254

II[MHI, B TOW Yac sK OiYHa IJIOUIMHA CIPHUSE YTBOPCH- =

HIO OKCHJIIB ByTJeI0. ToMy CITiBBiIHOIIEHHS IIOIIHH -

B rigpodocdari BaHATUITy € OJHUM 3 BaXIHBHX KPH- 1.00-

TepiiB MpU CTBOPEHHI Ta BUBYCHHI KaTali3aTopiB. 3

OJICP)KAHUX JIAHUX MOXHA 3POOMTH BHCHOBOK, IIIO 0.754

criBBiAHOMIEHHS 0a3anpHOI iomuHA (100) mo 6ivHOl

rtomuHY (220) iCTOTHO 3aJIEKUTH BiJi BAKOPUCTAHOTO 0.50 y y y y T T

40 50 60 70 80 90 100

Hocis. [Ipu Hanecenni VPO-da3u Ha aepocni criBBij-
HoteHHsT loo1/l220 3MEHIYEThCS, @ IPH BUKOPUCTAHHS
aepocuwiioresnto 3pocrae. IIpuuMHOI0 TakuxX pi3HUX
CTPYKTYpHHX XapakTepuctuk (azu ['OB moxe BUCTY-
natH ii pi3Ha B3aeMomis 3 HocieM. O4eBHIHO, M0 B3a-
emoiist B cucteMi VPO-daza-Hociii Mae OMITHO Bij-
PI3HATHCS y BHIAJKy aepOCHIIOTENIO 1 aepocuiy 3a-
BIIIKA OLJIbIII PO3BHMHEHIN MOPYBATid CTPYKTYpi aepo-
CHJIOTENTI0, HE3BaKAlOUM Ha iXHIO OJHAKOBY XIMiUHY
npupoxay. Y Bunaaky VPO-karamizatopiB, HaHECEHUX
Ha aepOCHIIOTeNlb, TMPOCTEXKYEThCS UYITKUH B3ae-
MO3B 30K NMUTOMOI MOBEpPXHi 3pa3ka 31 CTPYKTYPOIO
VPO-dazu. Yum OinplIor0 € mUToMa MOBEPXHS, TUM
OinbmM € criBignomenss looi/l220 (puc. 4).
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Puc. 4. 3anexHICTh CIIIBBIAHOIIECHHS I1HTEHCHUB-
HocTi peduiekciB 6azanproi TuommaK (100) g0 GiuHOT
wionwan (220) Bim muTomoi moBepxHi mist VPO-
KaTaji3aTopiB, HAHECEHUX Ha aepPOCUIIOTEITb.

Tobto BMicT 0a3abHOI TUIOLIMHH, SIKa 33 CTPYK-
TYpOIO € HeoOXiTHOM 1uisl yTBOpeHHs: MA, 3pocTae B 2
pas3u mpH 30iNbIICHHI MTUTOMOT OBEPXHi 3pa3ka Bij 50
10 75 M?/r.

OpnHi€ro 3 BUMOT O MPOMHUCIIOBUX KaTaJli3aTOPiB
€ hopMyBaHHS 3epHa KaTaji3aropa HeoOxiaHol hopMu
Ta po3mipy. B mpomucnoBux ymoBax (opMyBaHHS
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3epHa Karamizaropa 3MIMCHIOETHCS 32 PaxyHOK BBe-
JICHHS 3B’SI3yI0UOTO areHTy, 0 NoTpedye 101aTKOBUX
Butpat. MacusHi VPO 3pazku (VPOr ta VPOs) Oyiu
OJlepKaHi B BHUIJISMII TOPOIIKIB, TOMY Tepej MpOBe-
JCHHSM KaTali3y 3pa3ku mpecyBaiu. Bukopuctanus B
SIKOCTI HOCISI aepoCHIIy J03BOJISIE JIETKO (hOpMyBaTH
3epHO KaTajlizaTopy 3 HEOOXiTHUMH po3MipamMH Ta
dopmoro. Jlns 3paskie VPO1/A-50m, VPO1/A-300m,
VPO1/A-300k VPOg/A-50 3a momomoror creriaib-
HOTO mmpuily 0yno chopMOBaHO 3pa3Kd IITIHAPUY-
HO1 opmu JiameTpoM SMM Ta MOBXKHHOIO 30CM, SKiM
MpH MOAPIOHCHHI HaJaBaBCs HEOOXITHUHI po3Mip rpa-
mynu. Ilpm BucymryBanui 3paskiB  VPO/aepocun,
OTPUMaHMX SIK TPATULIMHUM TaK 1 GapoTepMaTbHUM
METOAaMH CUHTE3y, (opMyBajach MillHa TOpHCTa
MaTpuIs 3 KpeMHe3eMy B sKii BimOyBamach (ikcaris
aktuBHOi VPO ¢asu. Ilpu Bukopuctanus manux VPO
HAaHECCHHMX CHUCTEM Y IMPOMHCIIOBOCTI, MpobiieMa Io-
HIyKy 3B’513yl04oro Ta popMyBaHHS 3€pHa Karaii3aTo-
pa HeoOximHOi popMu Bke Oyme BUpilIeHa 3aBISKH
BJIACTUBOCTSIM a€POCHITY.

Yacto mpu HpoBeJeHI KaTami3y 3 BUKOPUCTAaHHSIM
30araueHuX BYTJIEBOAHEM CYMIIIEH CHOCTEPIracThes
YTBOPECHHS MOOIYHKMX MPOIYKTIB (OLTOBA KHCIOTA,
aKpoJIeiH, aHT1IpUIK TeTpariapodTaieBoi Ta GpTaaeBoi
KHCIIOT), a00 MO)KE CIOCTEpIraTHCh 3aKOKCOBYBAHHS
kataiizaropa [6, 35]. B HamoMy BHIaaKy IPU BHKO-
puctanni 3.4% 3a u-OyTaHOM peakIiiHOi cyMimmn y
MPOJyKTax OyJio 3HaiaeHo yuie MA Ta OKCHUIM BYT-
JIEITIO, a MiCTs BUBAHTAKEHHSI KaTalli3aTopa 3 peakTopa
Ha XKoJgHOMY 3 nociikyBanux VPO 3pa3skiB He cnoc-
TEpiragock CIijliB 3aKOKCOBYBaHHSI.

Ha puc.5 HaBeneHO pPEHTTEHOTpAMH JESIKHX
VPO-karanizaTopiB micnsi mpoBeneHHs KaTaiizy. Me-
TogoM PDA nmst BCix 3paskiB Oyno 3adikcoBaHo (a3y
[I®B, ane gma 3paska VPOg/aepocumorens 1
(puc. 51) Oyno BusBIeHO pediiekc TOMIIIKOBOI (ha3u
VOPOQ,. 3 HasBHicTIO MaioakTUBHOI (azu VOPOa, ne
BaHaJil 3HAXOJIUTHLCS B CTYIECHI OKUCHEHHS +5, MOJKHA
3B’S3aTH HAUTIPIN KaTATITHYHI MMOKA3HWUKH (BUXiJ Ta
MPOAYKTHBHICTH 32 MA) ans maHoro 3paska (Ttadi. 2,
3). Leit dakT mie pa3 10BOIUTH, 0 HopMyBaHHS (a3u
[1®B € ogauM 3 OCHOBHUX (haKTOpiB MPU OTPUMAaHHI
eeKTUBHOrO KaTaj3aropa IpOIeCy CeIeKTUBHOTO
OKHCHEHHS H-OyTany 10 MA.

B T1a0n.2 1 3 HaBeneHI OCHOBHI KaTaJliTU4HI
nokazHukn VPO-karanizaTopiB B peakilii CeeKTUBHO-
TO OKMCHEHHS H-OyTaHy o MA B 30arauenii (3.4% w-
OyTany y moBitpi) Ta cranmaptHii (1.7% n-OyTtany y
MoBiTpi) cymimax mpu TemmnepaTypi peakuii 400 °C.
3aKOHOMIPHUM BHWIJISIIa€ 3MEHIICHHS KOHBepCil #-
OyTaHy Ha BCiX 3pa3Kax IpH MEepeXo/i Bij CTaHapTHOT
peakuiiiHoi cyMmimi A0 cymimri 30arayeHii Ha H-OyTaH.
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Puc. 5. PenTrenorpaMaMu MacHBHOTO Ta HaHECEHUX
VPO-kaTamizaTopiB micis peakiii CeIeKTUBHOTO OKHUC-
HeHHs #-OyTany 10 MA: a) — VPOr, 6) — VPO/A-50,
B) — VPOs/A-50, r) — VPOg/aepocunorens_1, mx) —
VPOg/aepocunorens_2.

Jns MacuBHHMX 3pa3KiB CIIOCTEPIraeThCsl 3HU-
JKEHHS celeKTHUBHOCTI Ha 25% misa 3pazka VPOg, Ta
maiixe Ha 40% mis 3paska VPOr npu minBumeHHi
KOHIIEHTpalii #-OyTaHy B peakuiiiHii cyminn 3
1.706% no 3.406%. Ilpu npoBefeHHI peakilii y cTaH-
JMapTHIA #-OyTaHOBOW CyMillli BUKOPHUCTaHHS HaHece-
HUX CHUCTEM IPHU3BOAMTH J0 3MEHIIIEHHS CEIEKTUBHOC-
Ti 33 MA y NOpiBHSIHHI 3 MacHBHUMH 3pa3kamu. Aje
BukopuctanHs VPO-cucremu, HaHeceHOI Ha Mipo-
TeHHHIA aepocui, y 30araueHiii Ha #-OyTaH peakIliiiHii
CyMillli, y TIOPiBHSHHI 3 MAaCHUBHHM 3pa3KoM, MPHUBO-
JMTH 110 3pOCTaHHS KoHBepcii x-Oyrtany. Ilpu mpomy
3pocTaHHSl KOHBEpCii H-OyTaHy CIOCTEpiraeThes sK
JUIsL HAHECCHUX KaTaJli3aTOpiB CHHTE30BAHUX B TPaJlu-
HiHui crmocib, Tak 1 oliepaHuX B OapoTepMaibHUX
ymoBax (tabum. 2). Hanpuknan, BUKOpHCTaHHS 3pa3ka
VPO1/A-300n1 y 36araueHoi w-OyTaHOM CyMillli TpH-
BOJIUTH JI0 3pOCTaHHs KoHBepcii #-Oyrany Ha 10-17 %
y TIOpiBHSIHHI 3 MAacHUBHHMM 3pa3koM. 3MEHILEHHS ce-
JIEKTHUBHOCTI JJIs1 HAHECEHWX Ha aepoCHJI 3pa3KiB MO-
PIBHSIHO 3 MACUBHHMMMU 3pa3KaMU SIK B CTaHJIAPTHiH, Tak
i B 30araueHiii u-OyraHOM cyMmimax, Moxe OyTu
IOB’sI3aHO 31 3MEHIICHHSM BiJJHOCHOTO BMicTy 0Oa3a-
JIbHOT IUIOIIMHU B 1MX 3paskax. Lled dakr mobpe ys3-
TOJKYETHCS 3 TIPUHIIATIOM, 1[0 CEJIEKTHBHE YTBOPEHHS
MA BinOyBaeThcs came Ha OazanbHiil muromuHi [1OB
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[36,37]. Tomy 3MeHIIIEHHS BITHOCHOTO BMiCTy 0a3aib-
HOI IJIOLIMHYU Ha 3pa3KaxX HaHECEHUX Ha aepOCHII NpH-

3BOAWUTH A0 3MEHIIEHHS CEIEKTUBHOCTI 3a IiIbOBUM
MIPOJYKTOM.

Tabmuus. 2. OcHoBHi kaTadiTuuHi nokaznukn VPO-karasizaTopiB B peakuii ceJJeKTUBHOI'0 OKHCHEHHS

H-0yTany 10 MA (koHuneHTpamisi H-0yTany B cymimni — 3.490)

Ne Karazisatop Xioyrans | SMA, | Yma, Wi, Nma,
3paska % % % MOJTb-5yranyl (KTwar, TOI) | MOJbMA/(KTar. TOJ)
1 |VPOr 51 40 21.0 2.0 0.8
2 |VPO1/A-300m 67 33 21.0 22.6 7.2
3  |VPO1/A-300k 60 29 17.0 21.9 6.3
4 |VPOy/A-50m 64 28 17.9 11.6 3.2
5 |VPOs 49 40 20.0 2.9 1.2
6 |VPOgs/A-50n 63 23 14.5 18.7 4.4
7 VPOg/aepocunorens_0 17 58 10.0 8.2 4.8
8 VPOg/aepocumorens_1 12 38 4.6 24 0.9
9 VPOg/aepocuiiorens_2 73 29 21.2 22.5 1.7
10 |VPOg/aepocuiorens_3 48 45 21.6 10.6 4.9
11 | VPOg/aepocuiorens_4 18 69 12.4 4.8 3.2
12 |VPOg/aepocuiiorens_5 22 66 145 4.4 2.9

Tabmuus. 3. OcHoBHi kaTanxiTuuni nokaznuku VPO-karajizaTopiB B peakiii ceJIeKTUBHOTO OKHCHEHHS

H-0yTaHy 10 MA (koHIeHTpauis #-0yTany B cymimi — 1.7 %0)

No Karazisatopn Xi-oyram, | SMA, | YMA, Wi, Nma,
3paska % % % | MOJby-6yrany/ (KTkar. TOM) | MOJTbMA/(KTkar. TOJ)
1 |VPOr 66 78 52.0 1.2 1.0
2 |VPOr/A-300n 70 32 23.0 9.7 3.2
3 |VPO1/A-300x 60 36 21.0 8.3 3.0
4 |VPO1/A-50n 69 34 23.0 6.0 2.0
5 |VPOs 66 65 43.0 2.3 11
6 |VPOg/A-50n 67 28 18.0 10.0 2.8
7 VPOg/aepocunorens_0 24 52 125 5.7 2.6
8 VPOg/aepocunorens_1 18 23 4.1 16 0.4
9 VPOg/aepocuiiorens_2 77 27 20.8 12.0 3.3
10 |VPOsg/aepocunorens_3 67 34 22.5 6.7 2.3
11 |VPOs/aepocunorens_4 28 60 16.8 3.2 19
12 |VPOsg/aepocumorens_5 27 63 17.0 2.3 15

Harowmicte Bukopucranus VPO-cucremu, HaHe-
CeHOi Ha aepoCHJIOTeNb, NMPU3BOJUTH JIO ICTOTHOTO
3HIDKEHHS KOHBEpCil #-OyTaHy sl BCiX 3pasKiB, KpiM
VPOg/aepocuiiorens 2, sK Mpu MPOBEACHHI peakilii B
CTaHJAPTHIN, Tak 1 B 30araueHiil Ha #-OyTaH cymimiax.
Ane ans VPO-cuctemu, HaHECEHOT Ha aepOCHIIOTEIIb,
y TOPiBHSIHHI 3 MAaCMBHUMHM 3pa3KaMH, CIOCTEPIraeThb-
Csl TIOMITHE 301UIBIICHHS CENeKTHBHOCTI 3a MA y 30a-
rayeHii Ha u-OyTaH peakuiHid cymimi. Bukirouen-
HsM € quie 3pa3ok VPOg/aepocunorens_2. Taxi oco-
ONMMBOCTI MOXKHAa TOSCHUTH HASBHICTIO TOPYBaTol
CTPYKTYPH aepOCHIIOTEIIO, B SKIH 3HAXOUTHCS YaCTH-
Ha VPO-¢da3u. HeoOxignicte TpaHcmopty H-OyTany
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BCEpEIMHY TOp JIEII0 3HIDKYE HOro KOHBEpCilo, aie
IIPU LIOMY 3POCTA€ CENEKTUBHICTH 32 MA 3a paxyHOK
ONTUMAJILHOTO Yacy B3a€MOJii B CHUCTEMI peareHT-
KartajizaTop.

BcraHoBiieHa KOpeIsiisi Mi>k TUTOMOIO MTOBEPXHETO
i cmiBBigHOmEHHIM looa/l220 (puc. 4) TMOSCHIOETBCS
B3aeMomier0 Hocid-VPO (¢aza, mo mnpuBoauTh 10
(dbopMyBaHHS TIEBHOI YaCTHHU AaKTHBHUX IICHTPIB B
00MeXeHO AOCTYMHUX Micisix. [Ipuponnbo, mo mnora-
Ha JIOCTYNHICTh YAaCTUHHU AKTUBHHUX LIEHTPIB MPU3BO-
JIMTH JI0 3MEHIIIEHHS] KOHBepcii #-0yTaHy 1 Mae MpHBo-
JUTH JI0O 3MEHIICHHS CEIEeKTUBHOCTI 3a MA 3a paxy-
HOK 301iJbIIIEHHS KIIBKOCTI B3a€MOJII B CHCTEMI pea-
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reHT-karamizarop. Lleli pesympTar i onepkaHo s
cTanmaptHoi cymimti juist VPO-cucteMu, HaHECEHOT Ha
aepocuyorenb. Aje TpH 30UTBIIICHHI KOHIICHTpAIli H-
OyTaHy 3pocTa€ KOHKYpPEHIIS MK MOJIEKyJaMH H-
OyTany i Horo agcopOoBaHMMHU (OpMaMu, IO MPUBO-
IUTH 10 3MEHIIEHHS 4Yacy repeOyBaHHS MOJEKYJ Ha
nmoBepxHi, MeHmoro yreopeHast CO i CO; i meBHOTO
3pocTaHHs celneKTHBHOCTI 32 MA (taba. 2). Lli mipky-

E;

= 10 -
B
£ 8
5

v-|

=

=]

2 64
3
Z

2 41
=

2

o

= 2
=)

%

o)

3

g 0
= 1 2 3 4

BaHHS y3TOJDKYIOThCS 3 BCTAHOBJICHUMH paHille (ak-
TaMH YTBOpEHHsI B 30aradeHux Ha H-OyTaH cymilax
«HEJOOKHCHEHUX» MOOIYHUX MPOAYKTIB (OITOBA KHC-
JoTa, akposieiH) Ta/abo MOOIYHMX MPOIMYKTIB, IS
YTBOPEHHS SIKUX HEOOXiJHa B3a€EMOJiS ABOX aacop0o-
BaHUX MOJIEKYN H-OyTaHy (aHTigpumu Terparigpodta-
neBoi 1 pranesoi kucior) [6,35].

Il 3.4% n-OyTaHy
C—11.7% n-0yTany

5 6 7 8 9 10 11 12

Ne 3pa3ka

Puc. 6. [IpoxykTruBHicTh 32 MA mis 3paskiB VPO-kartanizaTopiB B pi3HHX 32 BMICTOM H-OyTaHy peakIiitHuX
cymimiax (Homep 3pa3ka BiAmoBigae Hymepaiiii y Tabmumsx 1-3).

[IpoBeneHi mocmijyKeHHsT MOKa3ald TMEPCIEKTUB-
HIiCTh cTBOpeHHs1 HaHeceHnx VPO-karanizaropis. [es-
ki 3 HaHeceHnx VPO-karamizaTopiB y cymimri 30arade-
HOT Ha H-OyTaH IMOKa3ajiu TaKuil came BuXiJ 3a MA sk
i macuBHi VPO-karamizatopu (tadm. 2). Y BuUmaaky
Hanecennx VPO-karanizaTopiB, el BUXiJl TOCATAETh-
csl Ha 3HaYHO MeHIi# kinbkocti VPO-(daswn, mo maru-
Me 3HAYHUI €KOHOMIYHHH e(eKT MpPH iXHbOMY BIPO-
BaPKEHHI y NPOMHUCIIOBE BHUPOOHHMLTBO. IIpu mpomy
3HAQUEHHS SK MUTOMOI IIBHJKOCTI OKHCHEHHS H-
OyTaHy, TaK i MPOAYKTUBHOCTI 32 MA 111 HaHECEHUX
VPO-cucteM 3HAYHO MEPEBUIIYIOTh IMOKAa3HHUKH, IO
OTpHMaHi Ha MacMBHUX 3pa3kax. Ha puc. 6 mopiBHsAHO
MPOJAYKTHBHICTh 32 MA /Il MAaCUBHUX Ta HaHECCHUX
VPO-karamizatopiB B CTaHIAPTHUX Ta 30aradeHuX H-
OytaHoM cywmimax. BuaHo, 1110 MacuBHi 3pa3Ku, CHH-
TE30BaHi B TPAJAULIIHUX yMOBax Ta B 6apoTepMaibHUX
yMOBaxX MalOTh JyXe ONHM3bKi 3HAUYEHHsI MPOJYKTHB-
HocTi 3a MA. JIns Bcix HaHeCEHUX KaTalli3aTopiB Mpo-
OYKTUBHICTH 32 MA B 30araueHiii ByrJieBOJHEM CyMi-
11 TOMITHO BHIIE 33 TPOJYKTUBHICTE 32 MA mpu Bu-
KOPHCTaHHI CTaHAAPTHOI H-0yTaHOBOI CyMIIIIi.

Buchnoeku

OTxe, BCl CUHTE3H, IIPOBEJCHI K B TPAAUIIIHHUX
yMOBax, TaK 1 3 BHKOPHUCTAHHSM 0apoTepMaIbHOIO
METOJy, SIK MACUBHHX, TaK i HAHECEHUX 3Pa3KiB IPH-
BeNH 110 (GOpMyBaHHS HEOOXiTHOT /Uit Karamzy (asu

npekypcopy ['@B. T'inpodocdar Banaguny micns ax-
TUBalii B peakTopi nepexonuTs B (azy mipodocdary
BaHAMJIy — aKTUBHOT'O Ta CEJICKTUBHOTO KaTalli3aTopa
MPOLIECY OKUCHEHHs H-OyTaHy 10 MA. BukioueHHsIM
€ 3pa3ok VPO1/A-300k, sikuii MiCTUTB Bxke chopMoBa-
Hy a3y [IDB. He3Baxarounm Ha TpPUCYTHICTH (azu
I'®B B GinbmocTi 3pa3kiB, ii CTPYKTYpHI XapaKTepHuc-
TUKU BIJIPi3HAIOTHCA. 3pasku, ki MicTsaTh VPO-¢a3zy
HAHECEHY Ha aepOCHJI, HE3aJISKHO Bl METOy CHHTE-
3y, MalOTh MEHIIE CHiBBigHOMmEHHS loo1/l220, TOPiBHAHO
3 macuBHUMHU VPO-karamizatopamu. 3pa3ku, siKi Mic-
TaTh VPO-(ha3y HaHeCeHy Ha aepOCHJIOTe)b, HABITAKH,
MaroTh Oinblie criBBigHOIIEHHS loo1/1220. TTOpiBHSHO 3
MacuBHuMH VPO-kartamizaTopamu, TOBEpXHA IHX
3pa3kiB OUTBIIOK Mipol0 (GOpMYyeEThCS 0a3anbHOO
mromuHoIo (100), a He GiyHOrO TUIOMEHOK (220). Lli
PE3YJIBTATH JI03BOJISIIOTH IIJIECHPSIMOBAHO, 38 PaXyHOK
3aCTOCYBaHHS NIEBHUX KOMOIHAIli HOCIH-METOJ| CUH-
Te3y, BIUIMBATH Ha CTPYKTypHi BiactuBocti VPO-
KaTaji3aTopis.

Karamitnuni  gocmimkxendas Hanecenux VPO-
3pa3KiB JIOBEJIM MEPCIEKTHBHICTh iX 3acTOCYBaHHS
Hacammepes Uil CyMillled 3 MiJBUIIEHUM BMICTOM
BYIJIEBOJIHIO. Tak, BHKOPUCTAaHHS 0apoTepMaibHOTO
CUHTE3Y Ta aepPOCHUIIOTeNII0, K HOCIs, JO3BOJHIIO Iij-
BUIINTH CEJIEKTUBHICTH 32 MaJCiHOBUM aHT1JIPHIOM,
IO J1a€ MOXIJIMBICTb PO3IJISIHYTH TEXHOJIOTIIO PELHK-
1y, 1100 3po0uTH BUPOOHHUIITBO MA OBl €KOHOMIY-
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HO BUTIHUM. AJie¢ BUBUEHHS HAaHECCHUX CHCTEM JIO-
JATKOBO YCKJIATHIOETHCSI BIUIMBOM 0araThOX B3a€EMO-
MoB’si3aHMX (PaKkTOpiB, SKI 3aleXaTb Bi CTPYKTypH
HOCis, Horo momepenHboi 00pOOKH, METOLy MOIU]i-
KyBaHHs 1 MeToay cuHTedy VPO-cucremu. HasBHicTb
X 0COOIMBOCTEHN CYyTTEBO OOMEXYE MOKIHBOCTI IS
BCTAHOBJIEHHS HAHOIMbII e()eKTUBHUX YMOB TSI CTBO-
penHs HaneceHux VPO-cucremu 3 3ajaHumu KaTalli-
TUYHUMH BIACTHBOCTSMU. J[aHe NOCHIKEHHS TOKa3a-
JI0O TIEPCIICKTUBHICTH 1 OCHOBHI HANPSMKH IJIs IIO-
JAJTBIIOL ONTHMI3allil METOIB CTBOPEHHS HAHECEHUX
VPO-cucteM ajis 30aradeHux CyMiliei #-0yTaHy.
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Synthesis and properties of VPO catalysts for oxidation
of n-butane to maleic anhydride

Olena A. Diyuk

Institute for Sorption and Problems of Endoecology of NAS of Ukraine, General Naumov Street, 13, Kyiv 03164, Ukraine;
diyukhelen@ukr.net

Bulk and supported vanadium-phosphorus oxide VPO catalysts were synthesized by traditional and barothermal
methods. It was shown that the use of aerosil as a support for the VPO phase, depending on the time of its introduction
into the reaction mixture. It can lead to the formation of catalyst precursor of vanadyl hydrogen phosphate VOHPO,4
0.5H;0, or a phase of vanadyl pyrophosphate (VO).P-0O; as already the catalytically active phase for selective oxida-
tion of n-butane to maleic anhydride. The use of a modified aerosil gel formed from pyrogenic aerosol, as a support
for the VPO phase, leads to the formation of VOHPO,-0.5H,0 phase. It has been found that the nature of support af-
fects the features of formation of VOHPO,4-0.5H,0 phase, in particular, the ratio of crystallographic planes in resulting
VPO phase. The use of aerosil as a support leads to a decrease in the relative content of the basal plane, while use of
aerosil gel leads to an increase in the relative content of the basal plane in applied VPO phase. The catalytic properties
of bulk and supported VPO samples were studied in the selective oxidation of n-butane to maleic anhydride in stand-
ard (1.7 vol.%) and enriched (3.4 vol.%) n-butane mixtures. It has been found that in an enriched n-butane mixture for
bulk samples, the n-butane conversion and selectivity for maleic anhydride are sharply reduced. It has been found that
supported VPO samples have a higher specific rate of n-butane oxidation and higher productivity compared to bulk
samples. It was shown that use of barothermal synthesis and aerosol gel as a support made it possible to increase the
selectivity of maleic anhydride, which is associated with an increase in the relative content of the basal plane of VPO
phase. The achieved improved catalytic properties of VPO catalysts supported with aerosol gel make recycling
technology promising. This can make the production of maleic anhydride more economical.

Keywords: VPO-catalysts, n-butane, maleic anhydride, catalytic oxidation.
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Vapor-phase oxidation of ethylene glycol methanolic solution into methyl
glycolate over CuO-containing catalysts

Anatolii M. Varvarin?, Svitlana I. Levytskal*, Artur M. Mylin?, Oleksii Yu. Zinchenko?, Volodymyr V. Brei*
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The gas-phase oxidation of ethylene glycol and methanol mixture into methyl glycolate C;HgO,+CH3;OH+0; =
CsHsO3+2H,0 over synthesized copper-containing catalysts was studied. Methyl glycolate can be considered as raw
material for obtaining biodegradable polyglycolide. The CuO-containing samples were synthesized by impregnation
of granular oxide-supports (y-Al,Os, SiO2 and MgO-ZrO;) with the calculated amount of aqueous solution of
Cu(NOs)2-3H-0 followed by heat treatment at 400 °C. In such way the supported CuO-Me,Oy /Al,O; (Me = Mg, Ti,
Cr, Co, Zn, Zr, Ag) samples have been prepared. Catalytic experiments were performed in a stainless-steel flow
reactor with a fixed bed of catalyst at 200-270 °C and atmospheric pressure. Oxygen of air was used as an oxidant.
The reaction products were analyzed using **C NMR spectroscopy and gas chromatography. It was found that
CuO/A1,0;3 catalyst provides ~ 100% ethylene glycol conversion with 56% selectivity towards methyl glycolate at
220 °C. The main by-products are methoxymethanol, 1,1-dimethoxymethane, methyl methoxyacetate, and methyl
formate. Use of silica as catalyst support leads to a significant decrease of the ethylene glycol conversion to 57 % for
CuO/SiO,, but methyl glycolate selectivity does not change significantly. Promotion of Cu0O/A4[,03 with MgO increases
methyl glycolate yield to 64%. According to the scheme of ethylene glycol sequential oxidation the increase in
selectivity for methyl glycolate over CuO-MgO/Al,O; catalyst is caused by the basic sites that promote intramolecular
Cannizzaro rearrangement of the intermediate reaction product — glyoxal hemiacetal to methyl glycolate. 1¢’s found
that mixed CuO-CrO; oxide supported by y-Al,O3z provides 80 % methyl glycolate selectivity with 95-100% ethylene

glycol conversion at 200-210 °C.

Keywords: methyl glycolate, ethylene glycol, copper-containing catalysts, gas-phase oxidation

Introduction

Methyl glycolate (MG) - hydroxyacetic acid
methyl ester can be considered as raw material for
obtaining biodegradable polyglycolide [1,2]. The two-
step synthesis of MG by the carbonylation of
formaldehyde (24 MPa) in the presence of water and
acid catalysts (Nafion NR-50 or HsPW1,040) to obtain
at first glycolic acid and then its following
esterification with methyl alcohol was described in
[3,4]. Condensation of formaldehyde and methyl
formate to methyl glycolate using heteropolyacids was
proposed by authors [5]. In [6] p-toluenesulfonic acid
as a catalyst was used for this condensation. The
reaction was carried out in an autoclave at 140 °C,
with a molar ratio of formaldehyde/methyl formate =
0.65. The source of formaldehyde was trioxane. After
reaction time of 3 h MG yield was 31% [6].

MG can be obtained by the vapor-phase selective
hydrogenation of dimethyl oxalate using AgQ/SiO,
Ag/SBA-15, Ag/AC-N-3, Cu/RGO and others
catalysts [7-13]. It should be noted that this method
provides enough high selectivity for methyl glycolate
(96-99%). However, the low (0.4 vol. %) content of
dimethyl oxalate in the initial vapor-gas mixture

causes low productivity of the catalyst (about 0.02 g of
MG/Lca/h) [12].

The authors of [14] synthesized methyl glycolate
from the glyoxal (40% aqueous solution) and methanol
at 180°C for 0.5h in an autoclave using AI(NOs3)s
9H,0, AICl3-9H,O and ZrOCl, - 2H,O. The MG
yield was in the interval of 85-87mol%. According to
[15], the MG synthesis was carried out by oxidation of
mannose and glucose in methanol at 100-120°C/1
MPa oxygen in the presence of MoOs; and Au/TiO.
The maximum methyl glycolate yield of 39mol% was
achieved for mannose at 120 °C for 4 h. Authors [16]
described the liquid-phase oxidation of propylene
glycol-methanol mixture in autoclave under 3 MPa O;
pressure at 100°C. The supported Au/oxides were
used. On Au/ZnO the MG selectivity achieved 94
mol% at low 18% ethylene glycol conversion.

In this paper the results on vapor-phase oxidation
of ethylene glycol in the presence of methanol vapour
into methyl glycolate over supported copper-
containing catalysts are presented.

Experiment
Preparation of catalyst
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The samples of Cu-containing oxides were
synthesized by impregnation of granular oxide-support
(fraction 0.5 — 2 mm) with calculated amount of aqueous
solution of Cu(NOs)2-3H20. In such way the samples
of CuO-Me,\Oy /Al,0; (Me = Mg, Ti, Cr, Co, Zn, Zr,
Ag) have been prepared using a compatible solution of
copper nitrate with the corresponding metal salt:
Mg(N03)2'6H20, TiCla, (NH4)2CF207,
Co(NO3),- 3H20, Zn(NOs)2-6H20, ZrO(NOs).-5H20,
AgNOs. The need solution volume was determined by
moisture absorption, as rule, 0.6 cm?® of solutionon 1 g
of Al,O3 was used. Then samples were dried at 120 °C
and calcined at 400 °C for 4 h. As oxide-supports were
used y-Al,03 ( Ukraine, Sger = 280 m?/g, ray = 5.3 nm,
Vs = 0.82 cm®/g, Ho <+3.3, Cucid sie = 1.1 + 0.05
mmol/g), SiO- (silica gel, China, Sger = 380 m?/g, ra =
4.9 nm, Vp = 0.97 cm¥/g, Ho = +1.5, Cacig sie = 1.2 +
0.05 mmol/g) and mixed magnesium and zirconium
oxide (atomic ratio Mg: Zr = 7.5: 1, Sger = 70 m?/g,
v = 7.3 nm, Vz = 0.25 cm®/g, H_ < +27.0, Chasic site =
0.8 = 0.05 mmol/g). The MgO-ZrO, support was
synthesized by co-precipitation from Mg (NOs). and
ZrO(NQg3), solutions according to [18]. A sample
marked 40CuO/Al,O; means that the sample contains
40 wt.% CuO concerning to AlOs.

The textural parameters of samples were determined
from the N adsorption-desorption isotherms by BET
method (Quantachrome Nova 2200e Surface Area and
Pore Size Analyzer). The X-ray powder diffraction
analysis of obtained samples was performed with a
DRON-4-07 diffractometer (CuKa).

Catalytic test
Methanol (Merk) and ethylene glycol (chemical
purity) were used. Catalytic experiments were
performed in a stainless-steel flow reactor (8 mm inner
diameter) with a fixed bed of catalyst (3 cm?®) at 200-
270°C and atmospheric pressure. Oxygen of air use as
oxidant. 20% methanol solution of ethylene glycol
was fed into the evaporator using an Orion M-361
syringe pump. At that in evaporator need air flow was
fed also. The heated vapor-gas mixture flowed through
the reactor at space velocity GHSV= 320-1250 h-*!
that corresponded to contact time 1= 3—11 s. The molar
ratio of ethylene glycol: oxygen was 1: 1.5. The load
on a catalyst was varied from 0.9 to 3.5 mmol
EG/cmi: /h. The reaction products were condensed in
an ice-cooled receiver and analyzed using *C NMR
spectroscopy  (Bruker  Avance-400) and gas
chromatography (Agilent 7820A). The conversion (X)
of ethylene glycol and selectivity (S) of products were
calculated in wt.% from chromatograms.

Results and Discussion

The nitrogen adsorption-desorption isotherms for
studied oxides belong to type IV as it’s shown for
40CuO/Al;0O3 (Fig. 1). The isotherm is characterized
by a wide hysteresis loop in the range of relative N
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pressure 0.4-0.9, which indicates on a substantial part
of mesopores in the Al,Os support. The calculated pore
size distribution confirms this fact also (Fig. 1). The
calculated from the adsorption-desorption isotherm
values of Sger, Vs and ray for 40CuO/Al,Os are equal
to 160 m?/g, 0.42 cm®g and 5.4 nm respectively. It
should be noted, that the specific surface area and pore
volume of the supported oxides become almost half
smaller as to the initial y-Al.O3 due to filling alumina
pores with CuO supported.
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Fig. 1. Nitrogen adsorption—desorption isotherm and
pore-size-distribution plot for 40CuO/Al,O3 catalyst

According to XRD analysis of 40CuO/Al,O3, CuO
supported is in the crystalline state. The peaks at 26 =
325,355, 38.7,48.7, 53.5, 58.2, 61.5, 66.2, 68.1, 71.7
and 75.5° on XRD pattern of the sample (Fig. 2) are
correspond to the CuO phase (JCPDS). The average
calculated crystallite size of CuO, determined by the
peak (202) at 26 = 48.7°, is 22—-24 nm.

10 20 30 40 50 60 70 80 90

Fig. 2. XRD patterns of v-AlLO; (1) and
40CuO/Al03 (2)

The EG conversion and MG selectivity values at
different temperatures for 40CuO/Al,O; catalyst are
presented in Fig. 3. The conversion of ethylene glycol
at 210-240°C is at the level of 98-100%. Selectivity
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towards methyl glycolate has maximum of 56% at
220°C (Fig. 3).
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Fig. 3. Ethylene glycol conversion (1) and methyl
glycolate selectivity (2) on 40CuO/Al,O; catalyst at
different temperatures (L = 1.6 mmol EG/cm®a/h)

With increasing the load on 40CuO/Al,Os catalyst
from 1.6 to 3.5 mmol EG/cmi./h, ethylene glycol
conversion decreases from 98 to 75% (Fig. 4). The
selectivity for methyl glycolate is 56-58% at load
ranges from 1.6 to 2.5 mmol EG/ml./h, but at L = 3.5
mmol EG/ml../h the selectivity decreases to 47% (Fig.
4).
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Fig. 4. Ethylene glycol conversion (1) and methyl
glycolate selectivity (2) on 40CuO/Al;Os at different

loads on catalyst (220 °C)

Therefore, the optimal temperature and load on
catalyst, that provide the highest 55% methyl glycolate
yield on 40CuO/Al;Oz catalyst, are 220°C and 1.6
mmol EG/mlca/h, respectively.

The values of EG conversion and MG selectivity
for 40CuO/Al;O; catalyst do not change significantly
for at least 12 hours’ reaction (Fig. 5). It should be
noted that initially, during 1-2 h, the catalyst provides

only 20-40% of MG selectivity. After 3 h work of
catalyst, the selectivity reaches ~55% and remains
constant (Fig. 5).
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Fig. 5. Ethylene glycol conversion (1) and methyl
glycolate selectivity (2) with time on stream on
40Cu0/Al,03 (220°C, 1.6 mmol EG/cm®./h).

In order to improve the methyl glycolate
selectivity, the ethylene glycol oxidation, the
CuO/Al;O3 catalyst was promoted with magnesium,
titanium, chromium, cobalt, zinc, zirconium, silver
oxides. Also, the CuQO/SiO;, CuO-MgO/SiO;, CuO/
MgO-ZrO,, CuO-ZnO-ZrO,-Al;0; and CuO-ZnO-
Al,O3 (catalyst for methanol synthesis) were tested in
this reaction. The results are presented in Table 1.

The addition of zirconium, zinc or magnesium
oxides to copper oxide on y-AlO3 (20Cu0O-10ZnO
/Al,03, 20Cu0-20ZrO,/Al,03, 20Cu0-2.5MgO/Al;03
samples) increases the methyl glycolate yield by 5-
9% compared with 40CuO/Al;Os. Other tested
samples provide the target product yield at the level of
13-58 % (Tablel1). It can be noted that methyl
glycolate selectivity is sufficiently high on CuO/MgO-
ZrO; (74 %), CuO-ZnO-ZrO.-Al,0; (76 %) and
20Cu0O-10MgO/Al;,O3 (77 %) oxides, however, the
ethy- lene glycol conversion is much less than that
over other samples (Table 1).

The using of silica as catalyst support leads to a
significant decrease of the ethylene glycol conversion
from 98 % for 40CuO/Al;O3 to 57 % for 40CuQ/SiO,
while the methyl glycolate selectivity does not change
significantly (Table 1). A similar situation is observed
when comparing of 20CuO-5MgO/Al;O3; and 20CuO-
5MgO/SiO, samples (Table 1). Methyl glycolate yield
of 64 % is observed on CuO-MgO/Al,O3 catalyst con-
taining 20 wt. % of CuO and 2.5 wt. % of MgO at
220C (Table 1).

In Table 2 are presented the contents of EG
oxidation products (without methanol) on three suit-
able catalysts.
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Table 1 Ethylene glycol oxidation over CuO-containing catalysts *

Catalyst Xec, % Swve, Wt. % Y me, Wt. %
40CuO/Al,04 98 56 55
45Cu0-0.44Ag,0/Al,03 96 55 53
20Cu0-10Zn0O/Al,03 90 67 60
15Cu0-30ZrO,/Al,03 95 52 49
20Cu0-20Zr0O,/Al,03 99 64 63
20Cu0-15Zr0,/Al,0s 96 57 55
20Cu0-12Ti0,/Al;03 96 46 44
15Cu0-1.5C0304/AlL03 82 46 38
20Cu0-1.5MgO/Al,03 89 66 59
20Cu0-2.5MgO/Al,03 90 71 64
20CuO-5MgO/Al,0; 81 72 58
20Cu0-10MgO/Al,03 59 77 45
CuO-Zn0O-Zr0,-Al,03 63 76 48
Cu0O-Zn0O-Al,03 50 25 13
40CuQ/SiO; 57 54 31
20Cu0-5MgO/SiO, 65 63 41
35Cu0O/MgO-ZrO, 24 74 18

1 Reaction conditions: 20 wt. % EG methanol solution, T = 220°C, L = 1.6 mmol EG/mle/h, molar ratio

EG:0,=1:15.
Table 2. Product content of ethylene glycol conversion *
Catalyst Content of reaction products, mol. % 2 XeG, Swe,
EG MG | MA | MF MM DMM ME % mol. %
40CuO/Al0s 1 65 4 13 8 2 7 99 66
Cu0-Zn0-ZrO,-Al,03 42 51 2 0 5 0 0 58 88
20Cu0-5MgO/Al;03 18 50 0 6 20 0 6 82 60

1 Reaction conditions: 20 wt. % EG methanol solution, 220°C, 1.6 mmol EG/mlc/h, molar ratio EG : O, = 1: 1.5; 2 EG — ethylene
glycol, MG — methyl glycolate, MA — methyl methoxyacetate, MF —methyl formate, MM — methoxymethanol, DMM —1,1-

dimethoxymethane, ME-1-methoxyethanol

Sequential oxidation of propylene glycol to
methyl glycolate is described by sum reaction C2HgsO>
+ CH30H + O, = C3HsO3 + 2H,0 and includes at least
three stages. In opinion authors [16], ethylene glycol is
oxidized on the Au/ZnO catalyst initially to
glycolaldehyde that forms the hemiacetal with
methanol. Next, this hemiacetal is oxidized to methyl
glycolate. According to another scheme, proposed for

+[0]
- H,0

HO OH HO

V4

the propylene glycol and glycerol oxidative este-
rification into alkyl lactates [18, 19], the EG con-
verting to MG could be include the sequential oxi-
dation to glyoxal via glycolic aldehyde, the formation
of glyoxal hemiacetal with methanol. Then the
hemiacetal rearrangements into MG by Cannizzaro on
basic sites of catalyst:

@) OH HO 0]

OCH,
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The process follows Mars - van Krevelen’s
scheme, that the oxidant is atomic oxygen of copper
oxide lattice: 2CuO = Cu,O + O. Copper oxide (I) is
oxidized to CuO by air oxygen. The increase of methyl
glycolate yield on basic CuO-MgO/Al;Os catalyst, and
twice decreasing one on CuO-MgO/SiO, with more
acidic support —silica, confirms the Cannizzaro
intermolecular rearrangement (Table 1).

The by-products of studied EG oxidation are
methyl methoxyacetate, methyl formate, hemi- and full
acetals of formaldehyde and acetaldehyde with
methanol (methoxymethanol, 1,1-dimethoxymethane,
1-methoxyethanol, 1,1-dimethoxyethane). It should be
noted that methyl formate, methoxymethanol and 1,1-
dimethoxymethane are formed from formaldehyde,
producing by aldol decondensation of glycolaldehyde.
According to the calculations using Aspen HYSYS
program of equilibrium OHCH,CHO « 2HCHO, the
formaldehyde content may be 36 mol. % at 240 °C.
That is, the reaction rate of glycolaldehyde de-
condensation competes with its oxidation into glyoxal.
The acetaldehyde is formed at dehydration of ethylene
glycol.

At testing various supported oxides in the TPR
oxidation of cyclohexanol to cyclohexane, we have
found a promising CuO-CrOs/Al,O3; sample that
catalyzes the oxidation without cyclohexanol
dehydration to cyclohexene in fact [20]. This sample
turned out to be active and selective in studied EG
oxidation: 80% methyl glycolate selectivity is obser-
ved at 200°C with 100% ethylene glycol conversion.
Also, CuO-CrOs/Al,O3 catalyst provides 95-100%
ethylene glycol conversion at higher load on a catalyst,
up to 2.3 mmol EG/cm3:../h, in comparison with other
studied samples (Fig. 6).
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Fig. 6. Ethylene glycol conversion (1) and methyl
glycolate selectivity (2) on CuO-CrOs/Al,O3 catalyst at
different loads on catalyst (200 C)

Conclusion

Thus, it’s found that mixed CuO-CrOs; oxide
supported by y-Al,Os may be a suitable catalyst for the
vapor-phase ethylene glycol oxidative esterification
with methanol into methyl glycolate at 200-210°C. The
catalyst provides 80 % methyl glycolate selectivity
with 95-100% ethylene glycol conversion at loads on
the catalyst up to 2.3 mmol EG/cm?c/h.
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Iapoda3He OKHCHEHHSI METAHOJIBHOTO PO3YHMHY €THJIEHIIIKOIIO0 10 MEeTIWITJIIKOJIATY
HAa MiIbBMiCHUX KaTaJjizaTopax

Amnarouiii M. Bapsapin!, Ceitaana L. JleBuubka'*, Apryp M. Muin?,
Ouexciii 0. 3inuenxo?, Bosogumup B. Bpeiit

Ynemumym copbyii ma npoénem endoexonozii HAH Yrpainu, eyn. enepana Haymosa, 13; Kuis , 03164, YVxpaina;
s_levytska@ukr.net
2TOB «Bupobuuua zpyna Texincepsicy, Maxiiscokuii npoeynox, 1, Kuis, 04114, Ypaina

B poGoti HaBeaeHo pe3ynbTaTé napodasHOro OKUCHEHHs eTuieHrmikomo B MetaHodi CoHeOx+CH3;OH+0; =
C3HeO3+2H,0 Ha OkCHAHUX MIIBBMICHHUX KaTami3aTopax B MPOTOYHOMY PEAKTOPi ISl OACPKAHHS METHITIKONATY.
MeTunrimikonaT MOXHA PO3IIISAATH SK CHPOBHHY Ul OJNEp)KaHHSA TJKONIAY — MOHOMEpY Ui BHPOOHHUITBA
010A€CTPYKTYIOUOTO MONIMTIKOMiAY. 3pa3Kd HAHECEHWX MiJbBMICHHX KaTaji3aTOpiB CHHTE3YBAJIM MPOCOYYBAHHSIM
rpanyn BuOpaHoro okcuay-Hocis (y-Al:Oz SiO, ta MgO-ZrO;) po3paxoBaHOK KiNBKICTIO BOJHOTO PO3YHHY
Cu(NO3)2 - 3H20, a must 3paskiB CuO-MexOy/Al03 (Me = Mg, Ti, Cr, Co, Zn, Zr, Ag) CyMiCHUM PO3YHHOM HIiTpaTy
MiJi 3 CULIIO BIAMOBITHOrO METaJly 3 HACTYIHOI TEPMOOOPOOKOIO Ui YTBOPEHHS HaHECEHOI OKCHIHOI (asw.
KaranxiTiuHi eKcriepuMeHTH 311HCHIOBAIHM B POTOYHOMY PEAKTOPI 3 HEPYXOMHUM IIIAPOM KaTali3aTopy 3a TeMIepaTyp
200-270 °C i armocdeproro tucky. OKHMCHIOBadeM CIyryBaB KuceHb TOBiTps. IlpomykTu peaxmii aHamizyBamu 3
sukopuctanam “C SIMP cnektpockomii Ta Ta3oBoi xpomarorpadii. Buseiaeno, mo CuO/AlO; karamizatop
3abe3neuye maibke 100 % KOHBEPCIIO ETHICHIJIKOMIO i3 56% CeNeKTHBHICTIO 3a MeTwiriikonaroM mpu 220°C.
OcCHOBHMMHM TOOIYHMMHU TPOMYKTAaMH OKHUCHEHHS CTWJICHIJIIKOJIIO € METOKCHMETaHoJ, 1.l-IuMeToKcHMeTaH,
METWJIMETOKCHaneTaT Ta MeTwiadopmiar. BUKOpuCTaHHS KpeMHe3eMy SK OKCHIY-HOCiS NMPU3BOIMTH JO 3HAYHOTO
3HWKEHHS KoHBepcii etmnenraikoio (57 % mis CuO/SiO; karanizaropa), TOAI K CEIEKTUBHICTH 32 METHITIIIKOIATOM
ICTOTHO He 3MiHIO€eThes. Beenenns no ckinany CuO/Al,Oz kaTtanizaTopa OKCHAIB IIUPKOHIIO, IMHKY 1 MarHito Crpuse
nepebiry wineoBoi peakuii. Bcranosneno, mo HaiOinpmmii Buxig Metwiriikonary - 64 % 3 90 % koHBepciero
eTuneHrikomo crnocrepiraetbesi Ha CUO-MgO/ALLOs, mo mictuts 20 mac. % okcuay Mimi i 2.5 mac. % okcuay
Margilo. 3rigHO HaBEAEHOI CXEMH IOCIIZIOBHOIO OKHCIEHHS ETWICHIUIKOIIO 30UIBIIEHHS CEIEKTUBHOCTI 3a
metmwiriaikodatom Ha CuO-MgO/Al;Os  katamizatopi  3yMOBJIIOIOTH  OCHOBHI  IIEHTPH, SIKi  CIIPHUSIOTH
BHYTPIIITHBOMOJIEKYJIIPHOMY ~ TIEpEeTpyITyBaHHIO KaHHIIIApO MPOMDKHOTO MPOAYKTY Ppeakilii — HalliBaleTaro
TITIOKCATI0 Y METHITIIKONaT. 3HaiaeHo, mo 3mimanuii CuO-CrOs okcun, Hanecenuit Ha y-Al,O3, 3a6e3neuye 80 %
CeNIEKTUBHICTh 32 MeTHATIiKoIaToM nipu 95-100% konBepcii eTunenrikoito 3a remneparyp 200-210 °C.

Knrouogi cnosa : METUITITIKONAT, €TUIICHIJIIKOIb, MiZIbBMiCHI KaTali3aTopH, ra3o-pa3zHe OKUCHEHHS
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Chemical means of equipment protection during oil and gas fields operation
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National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute»
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In this article the problems associated with the corrosion processes of equipment in oil and gas production are
analyzed. The basic anticorrosive methods and means used in modern conditions are considered. Taking into account
the mechanism and conditions of corrosion processes in the extraction and transportation of oil-containing products
and gas condensate, the chemical method of protection of the equipment was chosen for research. Both known inhibi-
tors based on phosphonic acids and synthesized substances based on sulfonates, imidazolines, and diamines were
used as chemicals in the research. As a result of the research, the effectiveness of protection of metals from corrosion
depending on the composition of highly mineralized medium, metal type, inhibitor type, and its concentration was
evaluated and the effectiveness of the developed scale stabilizer (sodium dimethylsulfonate phosphinate) was evalu-
ated in comparison with known reagents. It is shown that the effectiveness of protection of metals from corrosion in
agueous-petroleum mixtures with alkylimidazoline inhibitors (derivatives of 4,5-dihydro-1,3-diazole or 4,5-
dihydroimidazole) and inhibitors developed on the basis of sunflower oil and diethylenetriamine (AC-1), ethylenedi-
amine (AC-2) reaches 90% in doses of 5 - 50 mg/dm?. In addition, corrosion processes are often accompanied by pro-
cesses of deposition of hardness salts on the surface of the equipment, which leads to a significant complication in the
operation of the equipment. Therefore, studies of the anti-scale properties of these reagents under harsh conditions
were performed. Real concomitant gas production waters were used as the medium. It was found that sodium di-
methylsulfonate phosphinate is a very effective stabilizer of scale formation and is not inferior in effectiveness to
known antiscalants. The proposed reagents can be used to stabilize water-oil mixtures and associated formation wa-

ters formed during the production and transportation of oil and gas.

Keywords: corrosion, inhibitor, oil-water mixtures, corrosion protection, scale stabilizer

Introduction

One of the significant factors that negatively af-
fect the operation of oilfield equipment is internal cor-
rosion. Corrosion is a great danger for tanks, pipelines,
and other equipment in the system of extraction, trans-
portation, and storage of oil and petroleum products [1,
2]. Hydrocarbons, which are part of oil and motor fuels
in pure form, in the absence of water are corrosive
inactive in relation to metals. They become dangerous
in terms of corrosion in the presence of sulfur com-
pounds (mercaptans, hydrogen sulfide, sulfur dioxide,
etc.) [3], which is due to increased aggressiveness of
the environment.

In addition, the corrosion of metals in oil-
containing media has its own specific features and is
largely determined by the presence of dissolved and
free water [4]. Storage, transportation and use of petro-
leum products is accompanied by constant saturation
with water and condensation of water on metal sur-
faces. The water content in petroleum products can
vary widely from 0.001 to 0.01%. It depends on the
operating conditions of the technical equipment and
the climatic conditions. The main source of water ac-
cumulation in petroleum products is atmospheric mois-
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ture, which condenses on metal surfaces when the
temperature of petroleum products and tank walls
changes.

In the vast majority of cases, corrosion of indus-
trial equipment occurs by electrochemical mechanism
in contact of metal with aqueous mineralized medium,
so it is advisable to use inhibitory protection of equip-
ment from corrosion. It is known that corrosion inhibi-
tors are substances whose introduction in relatively
small quantities into aggressive environments causes a
marked slowdown in the corrosion of metals. It is es-
sentially a substance that inhibits corrosion due to
competitive adsorption with activator particles and the
formation of protective adsorption or phase films on
the metal surface, sometimes with barrier properties.
Corrosion inhibitors affect the kinetics of electrode
processes that take place during corrosion, and are also
characterized by the ability to form oxide, hydroxide
or other films on the metal and convert the metal into a
passive state.

Prolonged use of carbon steel in corrosive envi-
ronments in the production and use of oil and gas re-
quires the use of effective corrosion inhibitors. At the
same time to corrosion inhibitors certain requirements
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are put forward. They must provide the necessary pro-
tective effect when tested in model systems both under
conditions of high pressures and temperatures, and
under normal conditions: temperature +40°C, pressure
1 atm.; as well as under conditions of high flow veloci-
ties and the presence of abrasive particles [5, 6].

The inhibitor must have a low pour point (at least
50°C), good solubility in corrosive environments and
high adsorption capacity, and must not affect the stabi-
lization of water-oil emulsions.

According to the mechanism of action, inhibitors
are divided into adsorption and passivation.

Passivation inhibitors promote the formation of a
protective film on the metal surface and the transition
of the metal into a passive state. Passivators are most
widely used to combat corrosion in neutral or close
environments, where corrosion occurs mainly with
oxygen depolarization. The mechanism of action of
such inhibitors is mainly determined by their chemical
composition and structure. Among inorganic oxidizing
substances they are represented by nitrites, molyb-
dates, chromates. There are passivators that form spa-
ringly soluble compounds with corroding metal ions -
polyphosphates, silicates, alkali metal carbonates. A
separate group consists of organic compounds that are
not oxidants, but promote the adsorption of dissolved
oxygen on the metal, which leads to its passivation.
The inhibitory effect of most organic compounds is
determined by their adsorption capacity on contact
with the metal surface. As a rule, this ability is quite
high due to the presence of atoms or functional groups
in the molecules that provide active adsorption interac-
tion of the inhibitor with the metal. Such active groups
can be nitrogen-, sulfur-, oxygen- and phosphorus-
containing groups, which are adsorbed on metals by
donor-acceptor and hydrogen bonds.

The most common are inhibitors based on nitro-
gen-containing compounds [7]. Protective effect is
shown by aliphatic amines and their salts, amino alco-
hols, amino acids, azomethines, anilines, hydrazides,
imides, acrylonitriles, imines, nitrogen-containing five-
membered  (imidazolines,  benzotriazoles, ben-
zimidosols, etc.) and six-membered heterocycles. Phe-
nols, cyclic and linear esters, esters of allyl alcohals,
benzaldehydes and benzoic acids, alcohols, dioxanes
and others have been used.

After corrosion, salt deposition is the second most
important problem associated with the inflow of as-
sociated water. Salt deposition occurs in all methods of
well operation, but the most negative consequences of
salt deposition occur in oil production by rod submer-
sible pumps and installations of electric submersible
centrifugal pumps. Crystalline formations of inorganic
salts on the working parts of submersible pumps lead
to their increased wear, jamming and damage to the
shafts of submersible centrifugal pumps and the like.

In addition, as a result of increasing the water content
of well products, salt deposits are formed in the surface
equipment of group, metering units, oil reservoirs and
oil treatment systems (degassing, stabilization, dehy-
dration, desalination).

The main way to solve the problem of formation
of salt deposits is stabilization treatment with the help
of salt deposits stabilizers [8, 9]. The most common
stabilizing reagents are complexes containing phos-
phate ions, phosphonate ions, phosphinate ions, car-
boxylate ions, sulfonate ions [10, 11].

However, the reagents used do not always provide
a sufficiently high protective effect. Even in the condi-
tions of one oil production enterprise or field on diffe-
rent sites this indicator can differ essentially. This is
due to the solubility of the inhibitor in formation flu-
ids, low level of its compatibility with formation wa-
ters, incorrect selection of the reagent for specific con-
ditions. Usually, this problem is solved by increasing
the dosage of the reagent, but this method does not
always give a satisfactory effect. Therefore, at the pre-
sent stage it is necessary to create new inhibitors of
corrosion and scale formation, which would provide a
high protective effect in a wide range of application
conditions, or improve the quality of existing protec-
tive compositions.

The aim of this work was to conduct research to
assess the effectiveness of protection of metals from
corrosion depending on the composition of the highly
mineralized environment, the type of metal, the type of
inhibitor and its concentration; determining the effec-
tiveness of the developed scale stabilizer for highly
mineralized waters in comparison with known rea-
gents.

Experiment

The following substances were used as corrosion
inhibitors and stabilizers of salt deposition during the
research:

- alkylimidazoline (is a derivative of 4,5-dihydro-
1,3-diazole or 4,5-dihydroimidazole);

- inhibitors derived from sunflower oil and diethy-
lenetriamine (AC-1), ethylenediamine (AC-2);

- oxyethylene diphosphonic acid (HEDP,

CH3C(OH)(H2PO3)2);

- nitrilotrimethylphosphonic  acid (ATMP,
N(CHzPOst)g);

- sodium dimethylsulfonate phosphinate (SDP,
(Na803CH2)2P(O)ONa+).

The main factor influencing the corrosive activity
of aggressive environments is the ratio of oil and wa-
ter. As the water content in the binary water-oil emul-
sion increases, the latter stratifies with the release of
water as a separate phase. Reservoir water in contact
with oil is quite mineralized. It may contain mineral
dispersed particles (clay, sand, etc.); dissolved chlo-
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rides, carbonates, bicarbonates, sulfates of calcium,
magnesium, sodium, potassium and iron; gaseous im-
purities: H.S, CO2, Oy, hydrocarbon gases. The mine-
ralized aqueous phase belongs to the sodium chloride
type, which is dominated by sodium and calcium chlo-
rides, calcium bicarbonates; contains a small number
of sulfates in almost neutral reaction medium (poten-
tial of hydrogen 6.5 + 7.5).

Therefore, to study the corrosion processes in oil
solutions, it was decided to use the following composi-
tion of the model solution: 140 cm® NaCl (30 g/dm?3),
10 cm? oil, 0.75 and 1.5 cm? acetic acid.

Samples of copper (C2), brass (B62) and steel
(St3 and steel 20) were used as corrosive materials in
the study.

The degree of corrosion was determined by mas-
seteric method. Metal samples in the form of rectangu-
lar plates were prepared for testing. Before the test, the
samples were ground by hand, then polished with a
mechanically thin abrasive material to completely re-
move the marks remaining from grinding, marked.
Degreasing was performed with ethyl alcohol, then
weighed on analytical balances with an accuracy of
+0.0001 g. After completion of the tests, the corrosion
products were removed from the metal, the plates were
washed, dried, and weighed again.

The corrosion rate (W) was determined by the
formula:

w = (Mn=MK) " g/(m2.h) (1)
S-t

where Mn — initial mass of the sample, g;
Mk — a mass of the sample after the study, g;
S —sample area, m?;

7 — duration of research, hours.

The coefficient of the corrosion rate reduction (J)

was calculated by the formula:
= W=

T Wi

)

where W; — corrosion rate in the presence of inhib-
itor, g/(m?h);
W — idle corrosion rate, g/(m?h).

The degree of protection of the metal against cor-
rosion (Z) was calculated based on the coefficient of
the corrosion rate reduction, according to the formula:

z :(1—1]-100%; 3)

J
where j — the coefficient of the corrosion rate reduc-
tion.

Environments for studying stabilization processes

During the production of oil, condensate and gas, to-
gether with the target product, the so-called concomitant
formation waters rise to the surface. Concomitant for-
mation waters (CFW) are a complex natural mixture con-
sisting of formation waters of the production horizon,
condensation, contour, and groundwater.

Ukraine produces about 2.1 million tons of oil annu-
ally, so it is estimated that on average, together with petro-
leum products, about 15 million tons of associated water
are produced annually. This water increases the cost of oil
production and can lead to a number of negative envi-
ronmental consequences. The impact of CFW on the
environment is characterized by salinization of fertile soils
and pollution of aquifers used for drinking and domestic
water supply. The penetration of associated water into
these horizons leads to the need for mandatory groundwa-
ter treatment or the search for new sources of water sup-
ply.

Physic-chemical properties of SPV generally cor-
respond to the properties of reservoir water of productive
horizons (Table 1). When pumping gas or oil, this water is
also contaminated with surfactants, equipment corrosion
products, petroleum products, and other contaminants.

Table 1. Characteristics of associated water of the Struten field, PJSC ""UkrNafta™

Characteristic Unit of measurement The actual value of the indicator

Potential of hydrogen potential of hydrogen, units 6.9

Alkalinity is general mg-eq/dm? 10.0

Stiffness is general mg-eq/dm? 1100

Calcium mg-eq/dm? 80.0

Magnesium mg-eq/dm? 30.0

Chlorides mg/dm?® 17750.0

Sulfates mg/dm? 20.0

Total iron mg/dm?® 10.0

Dry residue mg/dm?® 52320.0
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Based on the presented indicators, a model solution
was developed to evaluate the effectiveness of stabilizers
in relation to the scale formation of associated waters
(Table 2).

For a preliminary assessment of the effectiveness of
water stabilizers in relation to scale formation, a model

solution was used (Table 2). First, the inhibitor was added
to 100 cm?® of the model solution in doses of 5-20 mg/
dm?®, and then the appropriate amount of soda solution.
The process was carried out at temperatures of 95-98°C
for 4-6 hours. Reagents were not added to the control
samples.

Table 2. The composition of the model environment for the study of stabilization of associated waters

Characteristic Unit of measurement The actual value of the indicator
Calcium mg-eg/dm? 84.6
Magnesium mg-eq/dm? 30.0
Chlorides mg/dm? 17700.0
NaHCO; mg-eq/dm? 5.0

The stabilizing effect was calculated in accordance
with the reduction of water hardness as a result of heating.
Residual water hardness in the samples was determined
by trilonometry with eriochrome black T indicator.

The stabilizing effect (SE) was determined by the
formula:

SE=(1 —%) 100% (4

where ATi — reducing the hardness of the solution
that was treated with the inhibitor, mg-eq/dm?;

AT — reducing the hardness of the control solution
without adding an inhibitor, mg-eg/dm?,

Results and Discussion

At the initial stage of the work, the corrosion rates were
determined for three types of model solutions, which simu-
lated water-oil mixtures and which differed in the ratio of
oil: acetic acid. In addition, studies were conducted for dif-
ferent types of metals. The research results are presented in
Table 3.

Table 3. Corrosion rate of metals in water-oil mixtures of different composition

Metal Oil content, Acetic acid concentration, The corrosion rate,
cm®/dm3 g/dm? W, g/(m?-h)
Copper 0.009
Brass 0.0006
St3 10 0 0.007
Steel 20 0.001
Copper 0.08
Brass 0.06
St3 10 > 0.20
Steel 20 0.16
Copper 0.05
Brass 0.11
St3 10 10 0.20
Steel 20 0.19

The first type of solution, which contained only
an emulsion of water with oil, was predicted to have
no pronounced corrosive properties for all types of
metals, the corrosion rate was observed at 0.0006—
0.009 g/(m?h). With the addition of acetic acid, which
simulated the presence of carboxyl substances in petro-

leum mixtures, the corrosion aggressiveness of the
media increased 10-200 times, depending on the type
of metal. For copper, the values of corrosion rate had
the lowest values - 0.05 g/(m?h), the highest values of
corrosion rate were typical for steel - up to 0.2
g/(m?h).
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Therefore, for further studies to determine the ef-
fectiveness of the proposed inhibitors as aggressive
media we used water-oil emulsions with the addition
of acetic acid, as the creation of the most stringent
conditions for research.

Table 4. The effectiveness of protection of metals from corrosion depending on the composition of the me-

The known alkylimidazoline inhibitor and the
synthesized AC-1 and AC-2 inhibitors were used as
inhibiting reagents. The results of determining the
effectiveness of corrosion inhibitors are presented in

Table 4.

dium, type of metal, type of inhibitor and its concentration (I - alkylimidazoline, Il - AC-1, l11 - AC-2)

The corrosion rate,

Coefficient of the cor-

Level of protection,

=
Q 'S
- *g" & g . % E W, g/(m?-h) rosion rate reduction, J Z, %
5 ES| 2S£ 53
= |SE|cE®| 52
57| 8 < I 1 I I I 11 I I I
8 —
<
5 0.00 | 013 | 001 | - 0.6 73 | 100 | 0 | 862
10 | 0007 | 011 | 001 | 114 | 07 80 | 912 | o0 | 875
Copper
20 | 0.001 | 0.07 | 0.008 | 8.0 12 | 10.0 | 98.8 | 12.2 | 90.0
50 | 0.007 | 0.003 | 001 | 114 | 267 | 80 | 912 | 962 | 87.5
5 0.02 | 0.006 | 001 | 3.0 | 100 | 6.0 | 66.6 | 90.0 | 83.3
Brass 10 | 004 | 013 | 0.005 | 1.5 05 | 120333 ] 0 | 917
20 | 0.03 | 0.02 | 0.002 | 24 3.0 | 300 | 583 | 66.6 | 96.7
10 5 50 | 004 | 001 | 004 | 15 6.0 15 | 583 | 833 | 333
5 0.05 0.1 0.04 | 4.0 2.0 50 | 75.0 | 50.0 | 80.0
10 | 005 | 003 | 008 | 4.0 6.7 25 | 75.0 | 82.0 | 60.0
53 20 | 002 | 004 | 005 | 100 | 50 | 40 | 90.0 | 80.0 | 75.0
50 | 003 | 008 | 004 | 6.7 2.5 50 | 84.9 | 60.0 | 80.0
5 0.04 | 0.09 | 004 | 40 1.8 40 | 75.0 | 43.8 | 75.0
10 | 003 | 027 | 003 | 53 0.6 53 | 812 0 | 812
Steel 20
20 | 001 | 006 | 003 | 160 | 2.7 53 | 93.7 | 625 | 81.2
50 | 002 | 004 | 004 | 80 | 40 | 40 | 875 | 750 | 75.0
5 0.01 | 0.02 | 0.008 | 5.0 2.8 6.8 | 80.0 | 64.0 | 852
10 | 0.005 | 0.006 | 0.006 | 10.0 | 0.8 94 [ 9.0 | 0 | 894
Copper 20 | 0.002 | 0.005 | 0008 | 250 | 1.0 | 63 | 960 | 0 | 840
50 | 0.003 | 0.007 | 0.006 | 16.7 | 0.7 88 | 940 | 0 | 88.6
5 0.01 | 001 | 001 | 11.0 | 11.0 | 11.0 | 90.9 | 90.9 | 90.1
Brass 10 | 001 | 0.006 | 001 | 11.0 | 183 | 11.0 | 90.9 | 94.5 | 90.1
20 | 0.01 0 001 | 11.0 | - [ 11,0 | 90.9 | 100 | 90,1
0 0 50 | 002 | 002 | 001 | 79 5.8 92 | 87.2 | 82.6 | 89.1
5 0.05 | 005 | 007 | 40 | 40 | 29 | 75.0 | 75.0 | 64.9
s 10 | 009 | 006 | 006 | 22 33 33 | 549 | 699 | 69,9
20 | 006 | 002 | 005 | 33 | 100 | 40 | 69.9 | 90.0 | 75.0
50 | 004 | 004 | 004 | 50 5.0 50 | 80.0 | 80.0 | 80.0
5 0.12 | 0.10 | 0.04 | 1.6 1.9 48 | 36.7 | 474 | 789
Steel 20 10 | 007 | 004 | 007 | 27 | 48 27 | 63.1 | 789 | 63.1
20 | 006 | 004 | 003 | 32 | 438 63 | 683 | 789 | 842
50 | 0.08 | 0.006 | 040 | 24 | 31.6 | 48 | 579 | 96.8 | 78.9
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As can be seen from Table 4, the use of alkyl-
imidazoline achieved a degree of corrosion protection
of 65-95% in the concentration range of 5-50 mg/dm?
for almost all alloys. Based on the structure of alkyl-
imidazoline and its derivatives, it can be assumed that
inhibitor molecules are adsorbed on the metal surface
by nitrogen atoms, and hydrocarbon radicals with hy-
drophobic properties are directed towards the solution
and repel water and part of the aggressive medium
from the metal surface. In this case, together with the
hydro-phobicity of these groups provide shielding of a
significant part of the surface. The adsorption sites in
this case are nitrogen atoms, which is due to the elec-
tronic redistribution in the molecule. Due to this, the
nitrogen atom receives a partially positive charge.

When AC-1 and AC-2 inhibitors were used in the
same concentration range, the degree of corrosion pro-
tection was almost similar.

Study of the processes of stabilization of associated
waters of natural gas production

Most of the salt deposits of oil and gas fields con-
sist of salts in which divalent anions are dominant,
namely carbonates and sulfates, and divalent metal

cations. Usually, several either anionic or cationic
interactions are required to hold the stabilizer firmly on
the surface. Therefore, it is necessary to use substances
that consist of molecules with several similar function-
al groups and their qualitative distribution, so that they
interact with the lattice ions on the crystal surface.
Phosphonates, aminophosphonates and nitrile phos-
phonates are usually good at preventing crystal growth
by blocking active nucleation centers, so known rea-
gents HEDP, ATMP, and synthesized sodium nitrilo-
dimethylsulfonate (SDS) were chosen to study the
stabilization processes of associated waters.

In [12] it was shown that the stability of water
with respect to sedimentation depends little on the
level of mineralization, and is determined mainly by
the concentration of calcium ions and carbonates or
sulfates. Therefore, to create more stringent experi-
mental conditions and determine a reliable stabilizing
effect in the model solution (Table 2), simulating the
accompanying water, soda was added in the concentra-
tion range 0-20 mg-eq/dm?, the temperature correspon-
ded to 95-98°C, exposure time was 4-6 hours.

The results of the research are presented in Table 5.

Table 5. Dependence of the stabilizing effect on salt deposition from associated waters on the type of
inhibitor and its concentrations

Reagent con- Stabilization effect, %
centration, g/dm® Na,COs Na,COs Na,COs Na,CO3 Na;COs
0 mg-eq/dm?® 5 mg-eq/dm? 10 mg-eq/dm® | 15 mg-eq/dm? 20 mg-eq/dm?®

HEDP

0,5 100 100 67 68 41

1 80 87 80 69 41

1,5 60 60 47 38 41

2 40 60 47 38 41
ATMP

0,5 60 67 47 44 41

1 50 60 47 44 41

1,5 40 47 47 38 35

2 40 33 33 25 18

SDP

0,5 50 67 40 38 35

1 50 67 33 38 41

1,5 50 47 33 38 30

2 60 53 53 44 47

Based on the data in Table 5, it is seen that the
stabilizing effect reaches 100% only at a dose of
HEDP inhibitor 0.5 mg-eg/dm? and a soda content of 0-
5 mg-eq/dm®. As the soda content of the initial solution
increases further, the stabilizing effect is reduced by
more than half to 41%, due to the higher initial car-
bonate content in the water. In the case of ATMP as a
stabilizer of scale formation at doses of 0.5-2 mg-
eg/dm?, the stabilizing effect did not exceed 67%. At

the same time, its efficiency decreased both with the
increase of the initial content of carbonates in the solu-
tion and with the increase of the concentration of the
active reagent, as in the case of HEDP.

When using the SDP stabilizer, the effect did not
exceed 67% at different ratios of the sediment stabi-
lizer and the components of the model solution. It
should be noted that if in the case of HEDP and ATMP
with increasing concentrations, the stabilizing effect
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decreased, while using SDS, on the contrary, increased
by about 10%.

Not very high values of the stabilizing effect for
all reagents can be explained both by the high concen-
tration of monovalent chloride ions in solution and the
concentration of stabilizers, which was below the
threshold level, which reduced the probability of pre-
venting crystal nucleation.

Conclusions

As a result of the conducted researches the esti-
mation of efficiency of the offered corrosion inhibitors
is made and efficiency of a number of stabilizers of
scaling for their application at processing of highly
mineralized waters is defined.

It is shown that the effectiveness of protection of
metals from corrosion in aqueous-petroleum mixtures
using alkylimidazoline inhibitors and inhibitors deve-
loped on the basis of sunflower oil and polyalkylene-
polyamine (AC-1), ethylenediamine (AC-2) reaches
90% at doses of 5-50 mg/dm?.

The stabilizing effect with the use of known and
proposed stabilizers of scale formation based on phos-
phonic acids, which corresponds to 40-70% at a rea-
gent consumption of 0.5-2 mg/dm?, can be considered
a good result.

Concomitant waters from gas and oil production
are quite stable in terms of sedimentation, but under
certain conditions, due to the high content of hardness
ions and bicarbonates / carbonates, destabilization of
these waters can be observed.
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XimivHi 3aco0u 3axucTy 00/1aJHAHHSA NIPH eKcIuTyaTanii HagTora30BuX poA0BHIL

Ounena 1. Isanenxo*, Tersna O. Illa6miii, FOxia B. Hocauosa, Mukoaa M. Kocmuna

Kuiscokuii nonimexuiunuil incmumym imeni leopsi Cikopcvkoeo, np. Ilepemozu 37/4, 03056 Kuis, Ykpaina;
olenka.vasaynovich@gmail.com

B cratTi nmpoanHaiizoBaHo mpooOeMH, ITOB’s13aHi 3 MPOTIKaHHSA KOPO3iHHUX IMPoIieciB 00JaqHaHHs Tpu HadTO- Ta
ra3oBUA0OYTKY. PO3IIITHYTO OCHOBHI MPOTHKOPO3iiiHI METOJM Ta 3aCO0HM, II0 BUKOPHUCTOBYIOTHCS B CYy4aCHHX YMO-
Bax. BpaxoByroui MexaHi3M Ta yMOBHU MPOTiKaHHsS KOPO3iMHUX MpOLEciB Mpu BUAOOYTKY i TpaHCIIOPTYBaHHI HadTo-
BMICHHX MPOJYKTIB Ta ra30BOr0 KOHAEHCATY, OyIo 00paHO IS ITOCIiIKEeHb caMe XIMIYHHX croci® 3axucty oOman-
HaHHS. B sKocTi XiMigHUX 3ac00iB B JOCIIHKEHHIX BUKOPHCTOBYBAJINCH SIK BiZoMi iHTiIOITOpH Ha 0CHOBI (hochoHOBHX
KHCJIOT, TaK i CHHTE30BaHI PEUYOBMHHU Ha OCHOBI Cynb()OHATIB, iMiIa30MiHIB Ta AiamiHiB. B pe3ynbrarti mpoBeneHux
JOCHI/PKEHb OILIIHEHO e(EeKTUBHICTD 3aXWUCTy METaJiB BiJl KOPO3ii 3aJIe)KHO BiJl CKJaqy BHCOKOMiHEPaTi30BaHOTO
CepeoBHINa, THITY METaITy, THITY 1HT10iTOpa Ta 10r0 KOHIIEHTpaIlii Ta OI[iHEHO e(PEeKTHBHICTD pO3pPOOIEHOTO CTa01Ti-
3aTopa HaKUIOYTBOPEHHS (HITPHIAMMETWICYIb(OHATY HATPil0) B MOPIBHSHHI 3 BioMuMHU peareHTamu. [lokaszano,
o epeKTUBHICTh 3aXUCTY METAJIB Bifl KOPO3ii y BOJHO-HA(TOBHX CyMilIax 3a AONOMOIOI0 iHTIOITOPIB amKimiMif-
a30IT1iHy Ta iHT10iTOpIB, PO3POOICHNX HA OCHOBI COHSIITHUKOBOI OJIi1 Ta momiankinennomniaminy (AC-1), etunenniaMminy
(AC-2) mocsrae 90% y nosax 5 - 50 mr/am®. Kpim TOro, 4acto Kopo3iiiHi IpOIECH CyNPOBOUKYIOTHCS MPOLECAMH
BIJIKJIQJIaHHS COJICH JKOPCTKOCTI Ha TIOBEPXHI 00JIaJIHAHHS, 1[0 MPU3BOIUTH JI0 CYTTEBOTO YCKJIaJHEHHS EKCIUTyaTallil
obnamHanHsa. Tomy Oynu TpoBeAEHHI NOCTIMKEHHS MPOTHHAKHAITHUX BIACTHUBOCTEH MaHWX PEareHTiB B JKOPCTKUAX
yMoBax. B sKocTi cepenoBHilia BUKOPUCTOBYBAIHM peabHI CYIMyTHI BOAM Ta3oBHA0OYTKY. BcTaHOBIEHO, IO HITpH-
JIOJUMETHIICYIb(OHAT HATPIIO € JOCUTH e(heKTUBHUM CTa01J1i3aTOPOM YTBOPEHHS HAKHITY 1 HE TMOCTYMAETHCS 32 eek-
THUBHICTIO BiZIOMUM aHTHCKaJIaHTaM. 3alpoIlOHOBaHI pEeareHTH MOXXYTh OYTH BHKOPHCTaHI JUIs cTalimi3allii BOJHO-
Ha(TOBUX CyMIMIEH i CYITyTHIX TIACTOBHUX BOJI, IO YTBOPIOIOTHCS MPH BUIOOYTKY Ta TPAHCIIOPTYBaHHI Ha(hTH 1 razy.

Knwowuogi cnosa: kopo3sis, iHTi0ITOP, BOAHO-HAPTOBI CyMillli, 3aXUCT BiJl KOPO3ii, cTabi1i3aTOp HAKHUITY
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KucsioTtHa nepeecrepudikaiisi 0J1iid eTaHOJI0M HA TBepAO(Pa3HUX
KaTaJjizaropax ByIjieleBOl NIPUPOAH

Oaexcanap C. ®enopuIInH

Iuemumym copbyii ma npobdrem endoexonoeii, Hayionanvna axademis nayx Yrpainu, eyn. I'enepana. Haymosa,
13. Kuis-164, 03164, Vkpaina, f177f@ukr.net

IIpoanaiizoBaHO OCHOBHI IIEpPEeBaru Ta HEIOMIKH TBEpIOGha3HUX KaTali3aTopiB I peakiii nepeecTepudikarii omiit
cnupramu. [IpoBeneHo BUMPOOYBaHHS CHHTE30BaHHX HaMH Cylb(oBaHUX Ta (ocdaroBaHUX TBEpAMX KaTali3aToOpiB Y
peakuii nepeecrepudikamii pinakoBoi onii 96% eTaHONIOM 3 METOH OfCp)KaHHS 010AM3eII0. Byllo MOPIBHSIHO XiMiYHY
ctitikicte cynbdoBanux cunteTHuHUX (S-CKC) Ta cuHTe3oBaHmx i3 mpupomHoi cuposmHH (S-KAY) Karamizaropis.
BusHaueHo mpuYMHA HU3BKOI XIMIYHOI CTIHKOCTI Cynb(hOBaHMX ByIIeleBHX MarepianiB. CHHTETHYHi KarajizaTopu S-
CKC BusBMiIHCS HaliMEHII CTiMKUMU. PeakIiito eTaHomi3y 3/1iiCHIOBAIM B aBTOKJIaBax IIiji TUCKOM IpHU Temmeparypi 150-
160°C 3 TpuBamicTiO mpouecy 5-7 roa MpH CHiBBITHOUWICHHSX KaTamizaTop : oiist = Ir :15mum, omis : eraHon = 3:4 3a
00’emoM. MakcumanbHa KOHBEPCis 3a JJaHWX yMOB BHUMPOOYBaHHS y TEPIIOMY HHUKII IS CyTh(OBaHUX KaTaizaTopiB
cxmagana 100%, a s gocdaroBanux - 94%. Perenepariro ¢pocdaToBanux 3pa3kiB MPOBOAWIM MUIIXOM BiIMUBAHHS Ka-
TaJi3aTopy BiJ 3aJMIIKIB OJii Ta MPOAYKTIB peakiii y kumistuomy po3unni 0.1 M nyry 3 momanbinor 0araropa3oBoro
MIPOMUBKOIO JMICTAIIHLOBAHOK BOMOO 110 ciaabomyxHoro pH. Bymo po3poOieHo ByrnensBMIiCHHIA KaTali3aTop Ha KepaMid-
HOMY HOCI1, SIKMi MO)KHAa pereHepyBaTH NIISIXOM BUIATIOBAHHS BYIJICBBMICHOTO MaTepialy Ta HAaHECEeHHSM HOBoOrO. Jla-
HUI Karani3aTop MOoKa3aB HAMBHINY XiMiYHY CTIMKICTh, BATPUMABIIH 7 LUKIIB, IPH IIbOMY KOHBepCis 3HU3MIach Ha 14%
(3 89 mo 75%). Jns edexkTUBHOro BHKOPUCTAHHS Karali3aTopa 3alpolOHOBAHO CXEMy HPOTOYHO-LUPKYISLIHHOL

YCTaHOBKH TiepeecTepudikaiii omii i )KUpiB CIIUPTaAMHL.

Knrouosi cnosa: xucnotna nepeectepudikallis, ByrJIelbBMICHI KaTali3aTOPH, €TaHOIi3, 010/TU3eb

Bcmyn

He3sBaxaroun Ha 3pOCTaHHS MOMUTY HA €IEKTPOMO-
Oini, BUpPOOHWITBO OiomannBa, 30KpemMa OioaM3elto,
MPOJOBXKYE 3poctaTd. HaWOImbIIMMU BUPOOHUKAMU
oiomanmuBa € CILLA, Bpasunis, Himeuunna ta ®paniis,
ne BupoOmsieTbes 10 80% Bcworo Oionammpa. Lle moxe
OyTH TIOB’5I3aHO 13 BBEIEHHSIM HOPM JIO MOTOPHHUX IAJIUB,
3TiIHO 3 SKWMH 30UTBIITYETHCST 000B’I3KOBHI BMICT 0io-
najvBa y OSH3UHI Ta AU3ENbHOMY HaluBi. TpaaumiiitHIM
METOZIOM OJiepKaHHs Olonu3eNo € nepeectepudikaiiis 3
3aCTOCYBAHHSM JIY)KHOI'O TOMOTEHHOIO Karajizaropa [1-
4]. HemonmikamMu mpOrO METOAY €: MOOIYHE yTBOPEHHS
MuIa 00 MaJOLIHHUX KUPHHUX KHUCIIOT, COJIEBMICHI Bij-
XOIIM, 1[0 BHUMAarawTh IEPEPOOKH, BUKOPUCTAHHS TOK-
CUYHOTO METaHOIy, HeOOXiHICTh MOMEePeHhOI HEHTpa-
Ji3anii HaJUTUIIKOBHUX JKUPHUX KHUCIIOT Ta €Hepro3arpat-
Ha OYMCTKA DIIEpUHY. AJIbTEPHATUBHUM METOIOM BH-
pillleHHsI IUX MPOOJIeM € BUKOPUCTAHHS TBEPJIUX KaTai-
3aTOPiB.
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MeToro pobotu OyJi0 BU3HAYEHHS MMEPCIICKTUBHOCTI
BUKODHCTaHHSA BYIVICLEBUX KaTali3aropiB y peakuii
€TaHOJI3Y PIlaKoBOi Ol IJIs oep kaHHs 010IU3eIIIO.

Cepen TBepIuX KaTami3aropis, siKi BAKOPUCTOBYIOTh
UL peakIii mepeectepudikallii, HaHIOMMPEHIIIUMHU €
HEOpraHiuHi CyMepKUCIOTH, OCHOBHI Ta aM(OTEpHi OK-
CHIX 1 O, KUCIIOTHI 10HOOOMIHHI CMOJIA Ta KUCIOTHI
ByIJIeleBi Matepianu. [lesiki mepeBaru Ta HEJONIKH LTUX
MaTepiaiiB HaBeJleHO B TalI. 1

JocuTh MEepcreKTUBHUMHM, Ha Hall MOVIS, € KHC-
JIOTHI KaTaji3aTopy Ha OCHOBI BYIVICIICBMICHUX Marepia-
nmiB. Y HaykoBiH JiTepaTypi NmpH pO3IIsAl BYIJIELIEBUX
KaTaJli3aTopiB OCHOBHY YBary HpUAUISIOTH CYIb(oBa-
HUM MarepianaM [5-15] 3aBasku iX BUCOKIH aKTHBHOCTI,
OfIHAaK, MpPU IBOMY MaJl0 OOTOBOPIOETHCS NHUTaHHS iX
crabimpHOCTI. TOMy, OCHOBHOK 3ajlauero JaHoi poOoTh
OyJlo BCTAHOBJICHHS TPUYMHW 3HIKEHHS AaKTHBHOCTI
cynbpoBaHux Ta (ocdaroBaHUX BYIIEIEBUX Karali3a-
TOpIB Ta po3polKa crocody iX pereneparii.
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Ta6nuus 1. [lepeBaru Ta HeAOiKM TBEPAMX KaTadi3aTOPiB A1 peakuii nepeecrepudikanii oxiii cnmpramu.

Tun karanizaropa IlepeBaru Hepouaixn
(npuxaad)
JYKH1 JIy’)K€ BUCOKAa aKTHUB- | IIBHUAKO OTPYIOIOThCS, BUCOKI BUMOTH JI0 BUXIJIHOI CHPO-
(CaO, yeonim KOH / NaX, mumanam HICTB BUHH (HE JIOMYCKA€ThCS HAsBHICTH BUIBHUX XXMPHUX KUC-
Hampio) JIOT 1 BOJIN)

amMQoTepHi OKCHIH 1 coi
(Zn0O, SnO, Catilin T300)

CepeaHs aKTHBHICTh

BHCOKa TeMIIepaTypa peakuii
(200-230 °C)

KHCJIOTHI BYTJICTIEBI MaTepiain
(oxucnene gyinns, cynvposane gy2in-
a5, pochopunvosane gyzinis)

BHCOKAa aKTHBHICTh

MEHIIIa AKTUBHICTh, HIK y I0HOOOMIHHHX CMOJ

KHCJIOTHI 10HOOOMIHHI CMOJIU

BHCOKAa aKTHBHICTh

HEMOJJIMBICTB 3aCTOCYBaHHS IIPH TEMIIEPATypax BUINE

(KV-2) 130 °C
HEOpPraHivHi CYIePKUCIOTH BHCOKa aKTHBHICTh OTPYIOIOTBCSI HCHACHYCHUMH BYIJICBOAHSIME PH KiMHAT-
(ZrO2 / WO3) Hilf TeMeparypi, a Ipu BUCOKIH BiI0yBa€THCs KPEKIHT
Excnepumenm pH-moTeHmioMeTpiuHiI BUMIpIOBaHHS MTPOBOIIIIN Ha

Jns omepkaHHS TBEpAWX KUCIOTHUX Karaji3aTopiB
OyJI0 BUKOPHCTAHO Marepiajii Ha OCHOBI MPUPOIHOI Ta
CUHTETUYHOI CHPOBUHU - abpukocoBoi Kictouku (KAY)
Ta cTtupon-auBiHiNIOeH301pHOTO comoniMepy (CKC). 3
Oflep’)KaHMX aKTHBOBAaHMX 3pa3KiB OJCPKyBallll Cylb(a-
ToBane Ta (Qocdaroane Byrimist [16-33]. ¥V mepmomy
BHTIAJKY BYTULISA MiagaBaiv oO0poOIi KOHIIEHTPOBAHOIO
cynb(darHO KHCIoTOW mpHu Temmeparypi 180°C Bmpo-
JOBX 2 rom; crmiBBimHOmIEHHsS BM-kucmora 1:10, sk y
[34, 24]. YV npyroMy BHIIQJKy BUXiTHHN KapOoOHi3aT 00-
pobismu hochaTHOIO KUCIOTOIO 10 KoedimieHTa mpoco-
yenHst (0.9-1.2, BucymryBaiu Ha MOBITpi, @ TOTIM Harpi-
BanM B arMoc(epi aproHy abo BOJIOTOTO MOBITPsI BIPO-
noBx 0.5 rox npu temneparypi 400-900°C. Ilicas Tep-
MOOOPOOKH 3pa30K OXOJIOJPKYBAaJH y BiJMOBIHIA aTMO-
cdepi 10 KIMHATHOI TeMIepaTypH, MOTIM PETeNbHO Bij-
MUBAJIH TapsS40r0 AUCTHIHOBAHOKO BOJOIO JI0 HEWTpaIIb-
Horo pH mpomuBHUX Box i BucymryBanu mpu 100-110°C
BiamosigHo [17, 20, 24, 25].

[TopyBaTy CTPYKTypy CHHTE30BaHHX 3pa3KiB BH3Ha-
Yaid 3 BUKOPUCTAHHAM COpPOIifHOrO anamizatopa
Quantochrome Corp. NOVA 2200, nporpamHue 3abe3me-
YeHHs SIKOTO BKIIFOYae B ceOe Hadip CTaHAApTHHUX MOJie-
Jell po3paxyHKiB: BU3HAYCHHS MUTOMOI MOBEPXHi (Su)
3a nonomoroto merony bpanyepa Emmera ta Tennepa
(BET), posmomin nop 3a paaiycamu (Metoau bappera-
Jxotinepa-lI'anenau (BJI) Ta Teopii gyHkuioHany ryc-
tiuau  (T®I))), 3aranpHMiA 00’€M TIOp, BH3HAYECHHS
00’eMy Mikpornop 3a piBHsHHAM JlyOiHiHa-Paxymkesuya
Ta iH.

Hns 3'scyBaHHA XiMIYHOI MPUPOIM TOBEPXHi JOC-
JMDKYBAaHUX BYIJICIICBHX KaTali3aToOpiB BH3HAYAIH iX
3aranbpHy 00MiHHY eMHicTh (CO€) 3araibHONPUIAHITAM
cnocobom [35] 3a copbuiero NaOH i3 0.1 M BomHmx
poszunHiB, 0.01 M consHoi kmcnotn 3 KpuBux pH-
MOTEHIIIOMETPUYHOTO TUTPYBaHHSI.

npwiani [-160M MeTonoM mpUroTyBaHHsI HaBaxok [35].
Hns uporo HaBaxku (0.5 T) KartamizaTopy 3acumnaiu B
MIPOHyMepOBaHi CKJIsHI Kojbu emHicTio 100 M. Tymum x
HajuBany 1mo 50 mut 0.1 M pozunay NaCl Ta pi3Hi Kijib-
KOCTI JIyTy a00 KHCJIOTH, 3arajJbHUK 00’ €M CyMillli TOBO-
o 1o 100 Mur IucTiiIb0BaHO0 BOXOK. CKIIAHI KOJIOU
3aKpHUBalld TPOOKAMHU Ta TIEPEeMINTyBald Ha IIeiKepi
BIOPOJOBXK 3-4 rox Ta 3anumanu Ha go0y. Ilicms doro
BUMIpIOBAIN BeMUUnHYy pH BCixX MOCTiIKYyBaHHX PO3UH-
HiB Ta OymyBamu Tpadik 3amexxHocTi pH=f(Vnaon abo
Vhel).

Jnst BU3HAUeHHs 10HOOOMIHHOT EMHOCTI 3pa3KiB Ta-
KO TIPOBOJIMJIN XOJIOCTHH 1ociin. s mporo y Taky x
KIJIBKICTh IPOHYMEPOBAHUX CKIISIHUX KOJIO HAJMBAJIHN IO
50 mu1 0.1 M posuuny NaCl Ta pi3Hi KUIbKOCTI JIyry abo
KHCJIOTH, 3arajibHuil 00’eM cymimi gqoBoamiu o 100 mi
JMCTHIBOBAHOIO BOJOIO Ta BU3Ha4anmu pH KoxHOTO po3-
YuHY. 32 OfIep)KaHNUMHU JaHUMU OymyBaiu rpadik 3aiex-
Hocti pH=f(Vnaon 260 Vici).

3a pizHUIEr0 abCIUC JBOX TOUYOK HA PiI3HUX KPUBHX
TUTPYBaHHS NIpU OHaKoBoMy pH po3paxoByBanu Benu-
YUHY copOwiitHOi emMHOCTI 32 Qopmynor a = ¢(Vi -
Vo)/m, e a - copOIIiiiHa eMHICTh, MMOJIB/T; V1 — BiJITUT-
poBaHHl 00’€M ITyTy, SIKAH BiJAIOBiJa€ BKa3aHOMY 3Ha-
yeHHIo pH y npucyTHOCTI 3pa3ka, Mi1; Vo - BIITHTpOBa-
HUI 00’€M NyTY, SIKUH BiJIIOBiZIa€ BKa3aHOMY 3HAUCHHIO
pH y mpucytHocTi Oe3 3pa3ka, MJI; ¢ - KOHLEHTpALis
PO3UMHY JIyTy, MOJIb /JI; M - HaBa)kKa 3paska, I. Po3mosin
KHCJIOTHUX TPYIT 32 KOHCTAHTaMH JTUCOIIaIlii MPOBOANIH
IuQepeHLiloBaHHIM BiANOBIAHUX KpuBHX. [[ns BuU3Ha-
YeHHS KUIBKOCTI cipku Ta Qocdopy y ckiani karamiza-
TOPIB BUKOPHUCTAHO PEHTTEHO - (DIIyOPECIICHTHHI CIIEKT-
pomerp ELVAX CEP-01.

Peaxuito eraHomizy 37iiiCHIOBaNIM B aBTOKJIaBax Iij
TUCKOM Tipu Temmeparypi 150-160 °C 3 TtpuBamicTio
nporuecy 5-7 roa. HaBaxkka karamizatopa ckiagana 1 r;
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CHIBBIIHOLICHHS KaTani3aTop - BUXigHA oJis BuOpamu 1
r Ha 15 mut. CriBBigHOIIEHHS oJtist — 96% eTaHOoN cTaHo-
BrJI0 32 00’ emoM 3:4. O0’eM aBTOKIaBa CKaaaB 45 Ml

IIponykru onepskaHi nepeecTepuikaiiero aHaizy-
BaJI 3 BUKOPUCTAHHSIM METOIY PiIMHHOT XpoMaTorpadii
BHCOKOTO THCKY [36] (xpomarorpad Waters System
Brees Model 717 3 pedpakToMeTpUIHUM IETCKTOPOM,
CIIOCHT — TeTpariapodypaH / ameTOHITPHII, KOJOHKA
Symetry C18 150 x 4.6 MM, HallOBHIOBaY — CHJIIKareib
5 MKM).

Pezynomamu ma ix 062060penns

VYV wHammx nocmimkeHHsax [37, 38] Oymo mokazaHo
BUCOKY aKTHBHICTb Ta CEJICKTHBHICTh BYIVIELIEBUX KaTa-
J3aTOpiB, a TAKOXK MMOKAa3aHO MEHIIY CTaOiIbHICTh CYJb-
(haToBaHMX MaTepiajiB y MOPIBHAHHI 3 (ochaToOBaHIMHU.
Jlo mpuunH 3HWKEHHS aKTUBHOCTI KarallizaTtopa MO)KHA
BIHECTH:

1. OTpyenns katamizaropa, BHACTIIOK XiMi9HOL
B32€MO/Iii aKTUBHUX IIEHTPIB 3 IIKIATUBUMHE JOMIIIKaMU
B BUXIJJHHX pearcHrax;

2. biiokyBaHHsI OCTYIy A0 aKTUBHHUX IIEHTDIB Ka-
TalizaTopa IpOAyKTaMH peakiii abo yTBOpEHHS Hepo3-
YHHHUX CIIONIYK Y MOpax Karaji3aropa,

3. 3MHBaHHS aKTHUBHUX LEHTPIB 3 MOBEPXHI KaTai-
3aTopa.

[lepmmii BapiaHT € HaMEHII BipOTiTHUM, 0O IS
OTPYEHHSI KUCJIOTHOTO KaTajlizaropa MOTPiOCH ITyKHUK
peareHt, SIKOTo y AOCHIJKyBaHil cucteMi Hemae. Jlpy-
THI BapiaHT € OUTBIN peasicTUYHUM Yepe3 Te, M0 B Ol
€ HeHacu4yeHi —C=C- 3BSI3KH, sIKi B KUCIOMY CEPEAOBHIIL
3[aTHI JIO mojliMepu3allii Ta ajkinyBaHHs. JlificHo, HaMu
OyJI0 BCTaHOBJIEHO, IO CHJILHOKUCIIOTHI KaTaii3aTopH,
0COOIIMBO CYTIEPKUCIIOTHI BONb()pamar Ta cyibdar mup-
KOHII0, Ha MEPUIOMY X IUKJII POOOTH YOPHIIOTH MOKPH-
BalOYKCh HEPO3YMHHOIO TUTIBKOKO 13 TPOIYKTIB KPEKIiHTY
Ta nomiMepu3arii. ToMmy MU Bizipa3y BiIMOBWIHCS Bij iX
BUKOPHCTaHHS Ha KOPHCTh MEHII KHCIOTHHX BYIJIEIE-
BUX MatepianiB. Tperiii BapiaHT € caMHM BipOTiIHUM,
0COOJIMBO 1€ CTOCYETHCS CYIb(ATOBAHOTO BYTLLISA, SIKE
Ma€ HU3bKY TIPONITHYHY CTIMKICTh y MPUCYTHOCTI BOAN
(120 -130°C).

s mepeBipKH TiApOTITHYHOT CTIMKOCTI HaMu OyIo
BUNpoOyBaHO Cyab(pOBaHI ByINIeleBl MaTepialu y peak-
1ii mepeecrepudikaiii pinakoBoi omii 96% etaHoIOM.
JUnist BCTAaHOBJICHHST MOMKJIMBOCTI 0araTOKpaTHOTO BHKO-
pHUCTaHHs 3pa3KiB MpoLEC CHHTE3y 0ioAM3enr0 Ha HUX
MTPOBOJIMIIN KijIbKa pa3iB (HoMep 1uKy). Peakiiito mepe-
ectepudikamii 3AIHCHIOBAJIM B aBTOKJIaBax 00 €MOM
45 ma npu 150°C, BopogoBx 7 TOX MPH CIiBBiIHOIICH-
HSX Karajizatop : oiist = Ir :15mu, omis : eranon = 3:4
3a 00’emoMm. HaBaxka karamizaropa ckimagana 1 T
BceraHoBiieHO, 110 3aNIXKHICTH BHXOAY BiJl COPOIiHHOI
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OOMIHHOI €MHOCTI y BHIAJIKy KiCTOYKOBOTO Cynb(oBa-
Horo Byrimua (KAY) € He TilbKH JiHIHHOIO, aje i Mpoxo-
IUTH O1NS TOYaTKy KOOPIWHAT, a Y BHITAIKy CyIb(hoBa-
HOTO KapOOHI3aTy CMOJIM Ha OCHOBI CTHUPOJIIUBIHIIOCH-
sonpHOTO criBnonimepy (CKC) He crnocrepiraerbes Ta-
Koi 3anexxHocTi (puc. 1.)

Konsepcis, %

100 -
80 -
60 -
40 -
20 -

CO€, mmoIIB/T

RZ =0,9622
0 T T T

0 1 2 3 = 5

Puc. 1. KaraniTiuHa aKkTHUBHICThP CHHTETHYHUX Ta
npuponHux (abpHKOCOBa KiCTOUYKA) BYIJICIIEBUX MaTepi-
aliB y peakiii eranomizy pinakosoi omii: 1 - S-CKC, 2 -
S-KAY (150°C, 7 rom).

Ile MOXXHa MOSCHUTH TiAPOTITHYHOI HECTIHKICTIO
-SO:H rpyn Ha moBepxHI IBOTO Marepiairy, BHACIIIOK
94OT0 YTBOPIOETHCS CyNb(aTHa KHCIOTa, SKa B MONANb-
IOMY TIpaIlfo€ sSIK TOMOTEHHHMH Karajizarop. Takox Iie
HiATBEPIDKYETHCS MaiiKe MOCTIHHUM BHCOKHM BHXOJIOM,
SIKUH HE 3aJISKUTH BiJl MUTOMOT MTOBepxHi (Tadm. 2).

OTxe, BU3HAYCHHS XIMIYHOT CTIMKOCTI BYIJIEIIEBHX
MarepiajiB MiATBEPANIO HU3bKY T1IPONITHYHY CTIHKICTh
cynb(oBaHMX MarepialiB MU BUCOKIH TeMIieparypi.

BaxmBOIO BIIACTHBICTIO KAaTaNi3aTOPiB € 3MATHICTD
ix mo pereneparii. OCKiJbKH XiMiYHa CTIHKICTH CYIb(O-
BaHMX KaTalli3aToOpiB BHSBWIIACS HH3BKOIO B YMOBax
JOCITI/PKEHOI peakilii eTaHoi3y, TO Mpolec pereHeparii
JOoCKyBaIM Ha ¢ochaToBaHUX BYIVIELIEBUX Marepia-
JIaX Ha OCHOBI CMHTETHYHHUX CMOJI. BiTHOBIIEHHS aKTHB-
HOCTI Karayjizaropa TPOBOIMIM IIUISXOM BiJIMUBAHHS
HOTO Bijl 3AJIMINKIB OJIiT Ta MPOMYKTIB PEAKIIii y KHUILIs-
yomy po3uunHi 0,1 M J1yry 3 moganeIiorw 6araropa3oBoro
MPOMHBKOIO JTHCTHIIBOBAHOIO BOJOIO A0 CIabO0IyKHOTO
pH. [Haui, micns BUCyLIyBaHHS, OIEp>KaHMH Marepiai
BHUKOPHCTOBYBABCS SIK BUXIJTHUH JUIsS TOBTOPHOTO HaHe-
CeHHA akTHBHOI (pa3u uusixom docdarysanns. Ha puc. 2,
MOKa3aHO KUCJIOTHICTh BUXIHUX MaTepiaiiB (kpusi 1, 3,
5), a TaKoX OZIep’KaHMX 13 HUX KaTaizaTopiB (Kpusi 2, 4,

6).
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Ta6nunst 2. [IopiBHAHHS CTPYKTYPHO-COPOLiHHMX MOKA3HUKIB Ta KATATITUYHOI AaAKTUBHOCTI 3pa3KiB HA OCHOBI
NMPUPOIHOI TA CHHTETUYHOI CHPOBHUHH.

Nene Buxigna cupoBuHa Ha3pa karamizaropa COE, Sum, MY/ | Komnsepcis, %
/11 MMOIJIB/T
1 S-CKC -6 1.8 630 91
2 | Cruponausinin- S-CKC - 11 2.6 655 92
O€H30JIbHAN
3 crisrosivep (CKC) S-CKC-5 2.8 250 93
4 S-CKC -7 4.2 94 94
5 S-KAY - 13 3.0 76 75
6 AGpHKOCOBa KiCTOY- S-KAY -5 3.2 104 84
7 ka (KAY) S-KAY - 12 4.2 195 100
8 S-KAY - 11 4.4 200 100

A. MMOJB/T

o
=

1 2 3

ng

Puc. 2. Kpusi pH-norenmiomerpuynro turpysans Ha ¢oni 0,1M NaCl (a) ta po3nomina KucioTHux rpyn (0) s
3paskiB: 1 - P-CKC-1 Bux; 2 - P-CKC-1/300 nos; 3 - P-CKC-1/perl; 4 - P-CKC-1/per1/400Ar; 5 - P-CKC-1/per2; 6 - P-
CKC-1/per2/400Ar.

-1 - PHpizu

[IpencrarieHi KpuBi AEMOHCTPYIOTH 3MiHY PO3IIO- perenepaiii nagae (kpusa 4, 6). 3HWKEHHS KHUCIOTHOCTI
Iy Ta KHCIOTHOCTI OJepXaHWX MarepiamiB. Takoxk KaTajizaropa TMPHU3BOIUTH JO 3HIDKEHHS KOHBEpCii y
BHJHO, IO KHCIOTHICTh OJEpPKaHUX MarepialliB Micis peakuii nepeecrepudikarii (tabdmn. 3).

Tabmuns 3. KataniTHuHa aKTHBHICTH BUXITHOTO Ta pereHepOBaHUX MaTepiajiB Ha 0CHOBi CHHTETHYHOI CMOJIH
(CKC) y peakuii nepeecrepudikauii pinaxkooi o.1ii 96%0 eTaHoJioMm.

15(1_)1 Karanizarop Homep xpuBoi Ha puc. 2 Hukn Kongepcis, %

1 | P-CKC-1/300 noB 2 1 94

2 | P-CKC-1/per1/400Ar 4 1 89

3 P-CKC-1/per2/400A 6 L 89

- - r

4 per 2 68
Lle Moxe OyTH MMOB’S3aHO TOJIOBHUM YHHOM 3 THM, a0o0 OJOKYBaHHS KHCHEBMICHUX aKTUBHHX IIEHTPIB (KpH-
IO B Mporeci podOTH Ta pereHeparii KaramizaTopa Bif- Bi 3, 5 Ha puc. 2a B mianazoni pH Bix 0 mo 4), 3 sxumMu
OyBa€eTbCs 3HUILEHHS (HApPUKIa, 1eKapOOKCHIIOBAHH) MoOXe pearyBaT pochopHa KHUCIOTa, OCKIIBKH B pPOOOTI
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[27] Oymno moka3aHo 110 3a JaHUX yMOB cuHTE3y (hochop
3HAXOAMTHCS Y BUNAAL (ocdaTHUX TpyH, A€ HEMae
3B 3Ky C-P. Takox pereneparris BigOyBaitach B iHEpTHIN
arMocdepi, 0 YHEMOXXJIMBIIOE OKHCHEHHS BYTULIA 3
YTBOPCHHSIM HOBUX AaKTUBHHX LEHTpiB, a (ocdopHa
KHCIJIOTa HE € OKUCHUKOM 3a JaHWX yMOB cuHTe3y. Oc-
KUTBKH TakWil croci® pereHeparlii € MaaoeQeKTHBHHUM,
To Oyno po3poOJCHO BYIIEIBBMICHHMH KaTalizaTop Ha
KepaMidHOMY HOCIi, aKTUBHICTH SIKOTO MO)XHA BiTHOBHUTH
IIJSIXOM BUTIAJIOBAHHS BYIVICIIEBOTO MaTepially Ta HaHe-
CEHHSIM HOBOTO.

Hanuii kartamizaTop TOKa3aB HaWBHUILY XiMIYHY
CTIHKICTh, BUTPUMABIIH 7 ITUKJIIB PoOOTH, BTpaTra KOH-
Bepcii nmpu npomy ckiana 14% (3 89 no 75%) [39].

Hns edexTuBHOrO BUKOpUCTAaHHS KaTaiizaropa Oy-
JO 3ampOIOHOBAHO CXEMY IPOTOYHO-IMPKYIALIHOT
YCTaHOBKH mepeecTepudikallii omii i >kupiB GiomoriaHo-
IO MOXO/PKEHHS CIIUPTaMU 3 METOK0 OJlep)KaHHs 0i0/u-
zemo (puc.3) [40].

TpurniuepugHa
CUPOBUHA -
XonogoareHt
:XonoqoareHT
(e o]
|_
_ TennoHoci | kerere: ":l
IMnynbCHi
mpybu e
—ba— :
TennoHocin
oo |
|
D
11
| |
N |
' TennoHocin
TennoHocit =
[podykmu
nepeecmepudikayji

Puc.3. Cxema ycraHOBKH nepeectepudikaiii omii i
XKUPIiB OIOJIOTIYHOTO TOXOKEHHS CIHPTaMH 3 METOIO
oJIepKaHHs O10IM3EITI0 32 HOBOIO TEXHOJIOTIERO.

[Ipu npoekTyBaHHi ycTaHOBKH OyJI0 BPaxOBaHO MO-
mepenni po3podku [41-46]. OcobaMBicTIO TaHOTO CITO-
coOy € mojaya mapu CIHMPTy MpoTUTediero A0 omii. Oc-
HOBHHM HEJIOJIKOM CXeMH Oylla HEMOXIIUBICTh BiJIi-
JIEHHSI TPOAYKTIB mepeecTepudikanii BiJj COUPTY B O1-
HOMY amapari i BTpara 4YHCTOTH PEIHPKYISAIIHHOTO
cnupty. s BIOCKOHAJNEHHS CXEMH 3allpOIIOHOBAHO
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JOIaTKOBO BCTAHOBHUTH MiNirpiBad B HIDKHIO YacTUHY
KOJIOHH JJIsl TIOBHOTO BHJAJEHHS CIHPTY, TEIJIOBY CO-
POYKY JUTSl YHUKHEHHSI KOHJIEHCAIlil CIIUPTY Ta IMITYIbCHI
TpyOM Ui MiATPUMAaHHS ONTUMAIBHOTO 3alOBHEHHS
KaTaJizaropa.

Bucnoexu

BcranoBieHo, 110 OCHOBHOIO MPHYMHOIO 3HW)KEHHS
KaTaJTiTHYHOI aKTHBHOCTI CyIb()OBaHMX BYTIEIEBUX
MaTepiajiB y peakxilii eTaHONi3y pimakoBoi OJil € 3MH-
BaHHs aKTUBHHX IIEHTPIB 3 MMOBEPXHI KarajiizaTropa BHa-
ciigok rigpomnisy -SOzH rpyn. Perenepauis 6inbm cTiid-
kux (ocharoBaHUX KaTami3aTOpiB METOAOM ITPOMHBKH
Ta MOBTOPHUM HAHECEHHSM AaKTUBHOI (a3su B iHEpTHIH
arMocdepl TPU3BOAMTH IO 3HIKECHHS iX aKTUBHOCTI
BHACJIIIOK 3MEHIIIEHHS KiJTbKOCTI aKTHBHHX IICHTPIB.

[MokazaHo, o U1 JaHOTO MPOLECy Kpalie BUKOPHUC-

TOBYBAaTH KaTalli3aTOp 3 HAaHECEHUM Ha HOCIH BYIVICIb-
BMICHUM KHCIIOTHAM MarepiayioM, SKUil MOKa3aB BHIILY
XIMI4HY CTIHKICTh, HOTO MOXXHA JIETKO pereHepyBaTu
LUISIXOM BUTIAIOBAHHS Ta HAHECEHHS HOBOTO aKTHBHO-
ro mapy, a TakoK BiH Ma€ HWKYHHM TiIpOAMHAMIYHUN
orip.

3anpornoHOBaHO HOBY TEXHOJIOTIUHY CXeMY IS pe-
amizauii mpomecy nepeecrepudikanii TPUDIILECPHUIIB
€TaHOJIOM 3 METOI0 OfIepKaHHsS 0i0IM3eII0 Y MPOTOYHO-
OUPKYIAMIHHOMY PEXHUMi 3 BUKOPUCTAHHAM MPOTHTEUii
CIHPTY Ta TPUIIILEPUAIB, NEPCICKTUBHIM KaTalli3aro-
pOM i siKOi € KepaMiuHi Kinblisg Pamira 3 HaHeCeHUM
Ha HUX KHCJIIOTHHM BYIJICLbBMICHIUM MarepiaioM.
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Acid transesterification of oils with ethanol on carbon catalysts

Olexandr S. Fedoryshyn

Institute for Sorption and Problems of Endoecology, National Academy of Sciences of Ukraine, General Naumov Str., 13,
Kyiv-164, 03164, Ukraine; f777f@ukr.net

The main advantages and disadvantages of solid-phase catalysts for transesterification reactions of oils with alcohols
are analyzed. Tests of the sulfonated and phosphated solid - phase catalysts synthesized by us in the transesterification
reaction of rapeseed oil with 96% ethanol in order to obtain biodiesel were carried out. The chemical resistance of sul-
fonated synthetic (S-SCS) and synthesized from natural raw materials (S-KAU) catalysts was compared. The reasons for
low chemical resistance of sulfonated carbon-containing materials are determined. Synthetic S-SCS catalysts proved to be
the least stable. Regeneration of phosphated samples was performed by washing the catalyst from oil residues and reac-
tion products in a boiling solution of 0.1 M alkali, followed by repeated washing with distilled water to slightly alkaline
pH. Then, after drying, the obtained material was used as a source for re-synthesis of the catalyst. The ethanolysis reaction
was carried out in autoclaves under pressure at a temperature of 150-160°C with a process duration of 5-7 hours. The ratio
of catalyst to starting oil was chosen 1:15 (g : ml). The oil-alcohol ratio was 3: 4, vol. The volume of the autoclave was
45 ml. The maximum conversion under these test conditions in the first cycle for sulfonated catalysts was 100%, and for
phosphated - 94%. A carbon-containing catalyst on a ceramic support has been developed, which can be regenerated by
firing the carbon-containing material and applying a new one. This catalyst showed the highest chemical resistance, with-
standing 7 cycles, while the conversion fell by 14% (from 89 to 75%). For more efficient use of the catalyst, the scheme
of flow-circulation installation of transesterification of oils and fats of biological origin with alcohols was proposed.

Keywords: acid transesterification, carbon catalysts, ethanolysis, biodiesel
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Catalytic processing of the acid tars
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Acid tars are wastes from the processing of coal, petroleum, and petrochemicals (oil refining, benzene refining
and petroleum fractions refining and alkylation of isobutane with butenes). Acid tar compositions include resinous
substances, organic matter, and polymerization products of unsaturated hydrocarbons. The presence of free sulfuric
acid in acid tars often reaches 70 % by weight. Almost all metals from oil are concentrated in tars, and the content of
vanadium and nickel can reach 0.046 and 0.014 %, respectively. A lot of countries keep acid tar in the open air in
spent quarries, storage ponds, barns, lagoons or near landfills. It poses a risk or even potential threat to people and to
the environment nearby due to soil, water, and air pollution. Thus, disposal of the acid tars is a very important eco-
logical and industrial task. In this study, we have researched catalytic cracking and distillation as the utilization
methods for acid tar. Anhydrous AICI; was used as a catalyst during the cracking of petroleum residues to obtain
volatile gasoline fractions due to its catalytic activity in many organic reactions. The catalyst ratios (0.15 g/g of tar or
0.1 g/g of tar) had a very significant influence on the number of volatile fractions and boiling temperature in the acid
tar cracking process. According to the results of *"H NMR research, the main components of volatile fractions in the
case of catalytic cracking were alkanes CHs-(CH2),-CHs. The compositions of these fractions were similar to the
compositions of gasoline and diesel fuel. A series of distillation experiments (distillation of previously deacidified and
centrifuged tar, acid tar without deacidification and centrifugation, and previously deacidified tar without centrifu-
gation) gave different results for each type of material. Aliphatic hydrocarbons were the main components of volatile
fractions (~ 80, ~ 60 and ~ 90 %, respectively) and the contents of aliphatic S-organic compounds were also signifi-
cant (~ 10, ~ 30 and ~ 8 %). Thus, both for catalytic cracking and for tar distillation, aliphatic hydrocarbons were the
main component of volatile fractions. Deacidification of tar increased the yield of aliphatic hydrocarbons during tar
distillation and decreased production of S-organic compounds due to its reactions with calcium carbonate. It is
perspective in the context of fuel production.

Keywords: acid tar, catalytic cracking, oil processing, fuel, utilization

Introduction

Acid tars are hazardous, non-utilizable solid
wastes with resinous and viscous characteristics and
varying flowability. It is waste from the processing of
coal, petroleum and petrochemicals (oil refining, ben-
zene refining, petroleum fractions refining and alkyla-
tion of isobutane with butenes) [1]. Sulfonation tech-
nologies are among the oldest technological processes
of oil processing that are still used today due to their
high efficiency of removing undesirable substances
and improving the oxidative stability [2]. In the petro-
leum and petrochemical industries sulfuric acid is used
for the removal of metal impurities from spent lubrica-
tion oils, for the removal of unsaturated hydrocarbons
and sulfur-containing compounds from heavy lubricant
fractions, and for the sulfonation of undesirable impu-
rities in benzene (also toluene and xylene) separation
[1, 3]. Thus, acid tars are produced as a result of these
processes.

ISSN 2707-5796. Catalysis and Petrochemistry, 2022, 33

Acid tars compositions include resinous substan-
ces, organic matter, and polymerization products of
unsaturated hydrocarbons. The presence of free sulfu-
ric acid in acid tars often reaches 70 % by weight [4].
Almost all metals from oil are concentrated in tars and
contents of vanadium and nickel can reach 0.046 and
0.014 %, respectively [4]. For example, tars stored at
the Lviv city landfill contain 20.6 % of carbohydrates,
78.2 % of such components as resins, carbon, carboids,
ash, and oxidation products. The content of sulphuric
acid and sulfonic acids is about 1.2 % [5]. In the case
of the Kozinske forestry the total concentration of sul-
fonic acids in the aqueous extract from the acid tar is
8.9 %. Derivatives of benzene and naphthalene are
among the main species of sulfonyl chlorides in these
acid tars [6].

A lot of countries keep acid tar in the open air in
spent quarries, storage ponds, barns, lagoons or near
landfills. The USA, UK, Netherlands, Belgium, Ger-
many, Latvia, Slovenia, Slovakia, China, Ukraine, and
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Zimbabwe are among these countries [7, 8]. Storage of
acid tars in open areas (ponds, lagoons, etc.) causes an
increase in regional environmental hazards [7, 9]. It
poses risk or even potential threat to people and to the
environment nearby due to soil, water and air pollution
[1, 8]. The leaching of the acid tars components affects
the ground water and the evolution of gaseous com-
pounds from the acid tars also affects the atmosphere,
which might cause acid rains, which will in turn affect
surface water, flora, and fauna. During storage in
open-air ponds, the chemical composition of the acid
tar changed as a result of the leaching of the acid from
the tar by rainfall, the evolution of SO, and condensa-
tion of the different substances [1]. There are elevated
concentrations of total organic carbon (TOC), chemi-
cal oxygen demand (COD), chlorides and sulphates in
groundwater in the indication area of these storage
places [8]. Thus, disposal of the acid tars is a very im-
portant ecological and industrial task.

There are a lot of disposal methods for acid tars,
especially thermal (combustion, gasification, etc.), bio-
logical (usage of microorganisms and enzymes),
physico-chemical (separation of different fractions)
and chemical methods (extraction and other approach-
es with usage of chemical reagents) [10].

Combustion is the most widely used process for
acid tar disposal, but this method has some disad-
vantages, including a high concentration of SO, in
produced gases and a significant content of heavy me-
tals in the ash [2]. In this case, disposal of one type of
waste leads to the production of polluting gas emis-
sions and another type of toxic waste. Also, deacidifi-
cation is necessary before the combustion due to the
high corrosive activity of acid tars.

Acid tar disposal by biodegradation in natural
conditions also has some disadvantages, especially
significant duration of the degradation process; differ-
rent biodegradability due to possible toxicity; the need
for appropriate nutrients; large area requirements; and
complex control of the biodegradation process [2, 11].

Chemical and physico-chemical processes are
very perspective in the context of acid tars disposal
because they produce a lot of important substances
(liquid fuel, coke, asphaltic binders, surfactants, con-
trolled low-strength materials for landfill liner and
landfill daily cover, polycondensates used as basic
stocks for adsorbents, etc.) [3, 12-14]. But chemical
disposal is often relatively expensive due to the use of
chemical reagents and can produce different wastes.

This research is about catalytic cracking and dis-
tillation of the acid tar for fuel production.

Materials and methods
We chose catalytic cracking and distillation as
the utilization methods for acid tar. The acid tar sample
was characterized by the following parameters: free
acid content - 12%, mineral component - 21.3%,

organic component - 66.7%. The main elements of the
organic component are C-62%, H-17%, O-13%, N-
1.5%, S-6.5%. The aim was to obtain the maximum
quantity of volatile fractions from tar. AICI; (an-
hydrous) was used as a catalyst during the cracking of
petroleum residues to obtain volatile gasoline fractions
due to its catalytic activity in many organic reactions.
Although the use of aluminum chloride as a catalyst
cannot be called environmentally friendly, it is still
quite popular due to its high efficiency.

Figure 1 demonstrates lab-scale equipment for
tar cracking. Acid tar and anhydrous AICIs were put
into a two-necked flask and heated to a temperature of
about 200 °C. The obtained volatile compounds were
concentrated in condensers. The activated carbon tube
was used to hold emitted gases. For cooling and con-
densation, we used water in the Liebig condenser and
air in the Dimrot condenser.

Two different catalyst ratios (0.15 g/g of tar and
0.1 g/g of tar) were used to study the effect of the
amount of catalyst on the acid tar cracking process. We
also carried out a series of distillations of previously
deacidified and centrifuged tar, acid tar without de-
acidification and centrifugation, and previously deaci-
dified tar without centrifugation. For the first distilla-
tion experiment, acid tar was deacidified by calcium
carbonate (CaCQg) to pH 6 and centrifuged (7000 rpm)
for 20 min to separate solid and liquid phases. After
centrifugation, 107.6 mL of liquid fraction was put into
a round-bottomed flask and inserted into a flask heater
for distillation experiment

2
water ( [

]

air /ﬁ\/;

Fig 1. Tar cracking lab-scale equipment: 1 - tube
with activated carbon; 2 - the Liebig condenser with
ground glass joints; 3 - the Dimrot 3-way air condenser
with ground glass joints; 4 - two-necked flask with
ground glass joints; 5 - thermometer; 6 - flask heater.
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'H NMR technique was used to characterize the
structures of volatile compounds after cracking and
distillation experiments. The spectra were recorded in
CDCls solution (the peak at 7.02 ppm) on a Varian
Gemini-2000 (400 MHz) spectrometer using tetrame-
thyl silane as an internal standard.

Results and Discussion

The catalyst ratios (0.15 g AICIs/g of tar or 0.1 g/g
of tar) had a very significant influence on the number
of volatile fractions and boiling temperature in the acid
tar cracking process. At the catalyst ratio of 0.15 g/g of
tar at the temperature range of 170-220 °C, we ob-
served the beginning of intensive production of white-
yellow vapors, which condensed in the Liebig conden-
ser. During massive condensation, the temperature de-
creased from 210-220 °C to 180-190 °C. The process
duration was 2 hours. In this case, the content of vola-
tile fractions was 14 %. In the experiment with a cata-
lyst ratio of 0.1 g/g of tar, the content of volatile frac-
tions was 5.5 % and the boiling temperature was about
120-140 °C. According to the findings of *H NMR
research, the main components of volatile fractions in
the case of catalytic cracking were alkanes CHs-
(CH2)n-CHgs (peaks at 0.91 and 1.30 ppm). The compo-
sitions of the volatile fractions were similar to the
compositions of gasoline and diesel fuel. Table 1
demonstrates information about the interpretation of
'H NMR spectra.

Table 1. The interpretation of *H NMR
spectra of volatile fractions

Peak, ppm Characteristic group
0.91 CHz at the tertiary atom
1.30 CHz in the aliphatic chain
2.23 CHj3S in the aliphatic chain
2.29 CHjs in aromatic compounds
2.52 CHsS in the aliphatic chain
2.70 CHy in aliphatic heterocycles
7.02 CDCls
10.60 COOH

A series of distillation experiments (distillation
of previously deacidified and centrifuged tar, acid tar
without deacidification and centrifugation, and previ-
ously deacidified tar without centrifugation) gave dif-
ferent results for each type of material (Table 2). In the
first case, we observed signals at 0.91, 1.31, 2.23, 2.29,
2.52, 2.70, 7.02, and 10.60 ppm, which were assigned
to CHjs at the tertiary atom, CH in the aliphatic chain,
CHs; in aromatic compounds, CHsS in the aliphatic
chain, CH; in aliphatic heterocycles, CDCls;, and
COOH. In the second experiment the *H NMR spec-
trum had peaks at 0.92, 1.30, 2.23, 2.29, 2.54, 2.70,
and 7.02 ppm, which were the signals of CHjs at the
tertiary atom, CH. in the aliphatic chain, CHs in aro-
matic compounds, CHsS in the aliphatic chain, CH> in
aliphatic heterocycles, and CDCls. In the third H
NMR spectrum, we also observed peaks at 0.92, 1.30,
2.23, 2.29, 2,54, 2.70, and 7.02 ppm. But the intensi-
ties of these peaks were different for various samples.

Table 2. The compositions of volatile fractions

Sample Component Content, wt. %
Distilled organic phase obtained at the Aliphatic (saturated) hydrocarbons (gasoline fractions) ~80
temperature of 120 °C from deacidified | Aliphatic sulfur-containing compounds of CHs-S- and ~10
and centrifuged tar CH,-S-types

Saturated heterocycles ~3

Aromatic compounds ~4

Acid compounds (aliphatic carboxylic acids) ~3

Distilled organic phase from acid tar at Aliphatic hydrocarbons ~ 60

the temperature of 170 °C (without Aliphatic S-organic compounds ~30

deacidification and centrifugation) Saturated heterocycles ~4

Aromatic compounds ~6

Distilled organic phase obtained at the Aliphatic hydrocarbons with a predominance of long- ~90
temperature of 150 °C from deacidified chained hydrocarbons

tar (without centrifugation) with add- Aliphatic S-organic compounds ~8

ing of 50 mL of distilled H,O Aromatic compounds ~2

Thus, in distillation experiments (distillation of Conclusions

previously deacidified and centrifuged tar, acid tar
without deacidification and centrifugation and previ-
ously deacidified tar without centrifugation) aliphatic
hydrocarbons were the main component of volatile
fractions (~ 80, ~ 60 and ~ 90 %, respectively) and
aliphatic S-organic compounds were also present (~
10, ~ 30 and ~ 8 %).
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Acid tars are hazardous, non-utilizable solid
wastes with resinous and viscous characteristics and
varying flowability. This type of waste is produced in
the processing of coal, petroleum, and petrochemicals
(oil re-refining, benzene refining, and petroleum frac-
tions refining).
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Catalytic cracking and distillation were effective
utilization methods for acid tar due to the significant
amounts of volatile fractions obtained from the tar.
AICI; (anhydrous) was used as a catalyst during the
cracking of petroleum residues to obtain volatile gaso-
line fractions due to its catalytic activity in many or-
ganic reactions. The catalyst ratios (0.15 g/g of tar or
0.1 g/g of tar) had a very significant influence on the
amount of volatile fractions and boiling temperature in
the acid tar cracking process. According to the findings
of 'H NMR research, the main components of volatile
fractions in the case of catalytic cracking were alkanes
CHs-(CH2)s-CHs. The compositions of these fractions
were similar to the compositions of gasoline and diesel
fuel.

A series of distillation experiments (distillation of
previously deacidified and centrifuged tar, acid tar
without deacidification and centrifugation and previ-
ously deacidified tar without centrifugation) gave dif-
ferent results for each type of material. The first sam-
ple of the distilled organic phase contained 80 % ali-
phatic (saturated) hydrocarbons (gasoline fractions), 10
% aliphatic sulfur-containing compounds of the CH3-S
and CH2-S types, 3 % saturated heterocycles, 4 %
aromatic compounds, and 3 % acid compounds (ali-
phatic carboxylic acids). The distilled organic phase of
the second sample contained aliphatic hydrocarbons
(60 %), aliphatic S-organic compounds (30 %), satu-
rated heterocycles (4 %), and aromatic compounds
(6 %). And the third sample contained aliphatic hydro-
carbons with a predominance of long-chained hydro-
carbons (~ 90 %), aliphatic S-organic compounds
(~ 8 %) and aromatic compounds (~ 2 %).

Thus, both for catalytic cracking and for tar distil-
lation aliphatic hydrocarbons were the main compo-
nent of volatile fractions. According to *H NMR spec-
tra of distilled organic phases, deacidification of tar
increased the yield of aliphatic hydrocarbons during tar
distillation and decreased production of S-organic
compounds due to its reactions with calcium car-
bonate. It is very relevant in the context of fuel produc-
tion.
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KarajiTuuna nepepodka KucJIUX ryApoHiB

I'puropiii B. Kpumens!", Mapra L. Jlituncbka®, Onexcanap B. Meabuuuyk?

'Hayionanvnuii mexuivnuii yuisepcumem Yxpainu «Kuiscoxuii nonimexuiunuii incmumym imeni Izops Cikopcwkozoy, npocn. Ile-
pemozu, 37, 03056 Kuis, Ykpaina; krimets@xtf.kpi.ua, m.litynska-2017 @kpi.ua

2 [ncmumym 6ioopeaniunoi ximii ma nagpmoximii in. B. IT. Kyxaps HAH Ykpainu, Kuis, Ykpaina, melnichuk@ex.ua

Kucni ryaponn — e Bigxonu nepepoOky ByTiList, HadhTH Ta HAPTOXIMIYHUX MPOAYKTIB. [0 CKIIagy KUCIUX Ty-
JPOHIB BXOJSATH CMOJIUCTI PEUOBHHH, PI3HOMAaHITHI OpraHiyHi PEYOBHHM Ta MPOLYKTH MoJiMepHu3alii HeHaCHYCHUX
BYTJICBOJIHIB, a IPUCYTHICTD BiIBHOI CyNb(aTHOI KMCIOTH y KUCIHX IyApoHax yacto gocsrae 70 % 3a macoro. Maibke
BCI JIOMIIIIKH CITOJIYK METAIliB, AKi MICTAThCS Y HA(Ti, KOHIIEHTPYIOTHCS y Ty/IPOHAX, a BMICT BaHAIIO 1 HIKEIIIO MOXE
nocsaratu BiamosigHO 0,046 1 0,014 %. barato xpain 30epiraroTe KMCIi TYAPOHU ]l BIAKPUTHM HEOOM y BiIIpaIiso-
BaHUX Kap €pax, CTABKax-CXOBHUILAX a00 moOau3y cMiTTe3Banuil. Lle cTBOproe pusnku abo HaBiTh MMOTEHIIHHY 3arpo-
3y JUIS HaceJeHHS Ta OTOYYIOYOTO CEPEeIOBHINA BHACIINOK 3a0pyTHEHHS IPYHTY, BOIM Ta MOBITpA. Takum 4nmHOM,
YTHITI3a1ig KACIHX TYIPOHIB € Ay)Ke BAXKIIMBUM €KOJIOTIYHHM 1 MMPOMHUCIIOBUM 3aBIaHHSAM. Y IIiil CTaTTi AOCIHIHKEHO
KaTaTITHYHUIN KPEKIHT Ta TUCTHIALIIO K METOJM yTHIIi3alliil kucioro ryapony. bespomuuii AlCl; Oyno BUKOpUCTaHO
y SIKOCTI KaTaji3aTopy KpeKiHTy IyApPOHIB 3 METOIO OJiepKaHHs JIeTKix OeH3uHoBux (pakiiit. AlCl; 6yno odpaHno 3a-
BJIIKA MOTO KaTaJiTHYHIN aKTUBHOCTI y 0araThoXx OpraHivHUX peakiisx. CHiBBiTHOIIEHHS MacH KaTalli3aTopy J0 Ma-
cu ryapony (0,15 r/r rynpony abo 0,1 r/r rympoHy) Maio TyKe 3HAYHWN BIUIMB Ha KUTBKICTh JIETKUX (paKmii i
TeMIeparypy KUIiHHs CyMillli B Ipolieci Kpekinry. 3a pe3yiapratamu IMP BcTaHOBIIEHO, IO Y BHNAAKY KaTaTiTHIHO-
r0 KPEKiHTry OCHOBHHMH KOMITOHEHTamMu JeTKux ¢pakiiid Oymu ankanu CHsz-(CH2)n-CHs. Ckian mux dpakiiii cxo-
KU Ha CKIlaau OCH3WHY Ta AM3enbHOro manmBa. Cepis MOCIHIIIB IO PO3TOHIN (ITOMEPEIHBO PO3KUCICHOTO Ta Bil-
HEHTPU(PYTroBaHOTO TYAPOHY, HE PO3KHUCICHOTO Ta HE BiJ IEHTPU(YTrOBaHOTO KHCIOTrO IYAPOHY Ta MONEPEAHBO PO3-
KHCJICHOTO, aJIe He Bijl HEHTPU(YTrOBaHOTO TyIPOHY) Jlajia Pi3Hi pe3yabTaTH AJsl KOXKHOTO THITy MaTepiany. Amidaru-
YHi BYTJIEBOAHI OYJIM OCHOBHMM KOMIIOHEHTOM JIeTKuX (pakuiii (~ 80, ~ 60 1 ~ 90 % BinnmoigHo), a BMICT anidaTny-
HUX S-OpTraHiYHUX CIIONYK TakoX OyB J0BoJi BUCOKHM (~ 10, ~ 30 ta ~ 8 %). Takum uyuHOM, SIK JUIS KaTaliTHYHOTO
KPEKIiHTY, TaK i /Uil pO3TOHKH TYAPOHY ami(aTudHi ByriieBoIHI OyJIi OCHOBHUM KOMITOHEHTOM JIETKUX (pakiiid. Po3-
KHCIIEHHS TYIpOHY IIiJBUIIYBAIO BUXIM ami(aTHyHUX BYIJIEBOAHIB TPH PO3TOHINI Ta 3MEHIIYBAJIO YTBOPEHHS
S-OpraHiyHHX CIONYK 332 PaXyHOK iX peakmiid 3 KanbIlieM KapOoHaToM. Lle poOuTh MeTox MOBOJI MEPCTIEKTHBHUM B
KOHTEKCTI BUPOOHHIITBA MMAJINBA.

Knwowuogi cnosa: kucnuii Ty IpoH, KaTAIITHYHAN KPEKiHT, HadTonepepoOKa, MaIMBO, YTHITi3aIlis
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Baaepiii I1aBiosuu Kyxap

—

AKutTeBuil TAa HAYKOBHH HIJIAX

(1942 — 2017)

26 ciuna 2022 p. mano 6 BunoBHUTHCS 80 POKIB
BiJl JIHA HapOJKCHHS, a 28 Oepe3Hs — 5 pOKiB 3 AHA
cmepti, Banepis [laBnoBuua Kyxaps — BuaatHoro
xiMika, JOKTOpa XIMIYHMX HaykK, mpodecopa,
akajnemika HamionameHoi akazemii Hayk Ykpainw,
3achay)KeHOro Jis4a HayKH 1 TeXHIKM YKpaiHuy,
naypeata JepxaBHoi npemii Ykpainu B ranysi HayKH i
TEXHIKH.

B.II. Kyxap wnapomuBcs B Kuesi. [licis
3aBepmwieHHa  Jlpyroi  cBiToBoi  BiliHM  poxuHa
nepedpanach 10 Mukonaesa, ie MpORIIIIO TUTHHCTBO i
mKiTbHI pokn  Banepis [TaBnosuua. Cepensio mKkoy
Ne 2 M. MuKonaeBa BiH 3aKiHYHB i3 30J0TOI0 MEIAILIIO
y 1958 p. 1 6e3 BcTynmHUX icnuTiB OyB 3apaxoBaHuil 10
JIHIIpOIIETPOBCHKOTO XIMIKO-TEXHOJIOTIYHOTO
incturyty  (AXTI) ©Ha  dakynpreT  TexXHOJNOTIT
opraniyHux pedoBuH. llle y mkosi mposiBUINCH HOTO
0COOJIMBI pUCH — HaJ[3BUYAiTHA TOTIUTIMBICTH i %Kamooa
JI0 3HaHb, HAMOJICTJIUBICTh, ILIECIPSIMOBAHICTD,
MpamboBUTICTh. JlyXke SCKpaBO OXapaKTepH3yBaB
Kyxaps-crynenra #Horo oJHOKYpCHHMK (HHMHI — 4JIeH-
kopecnionienT HAH VYxkpainu) Banepiit BacunboBud
[llesuenko B cBoix cmoragax (razera JXTI
«/I3epxxunene» Ne 24 Bin 21.06.1978 poky): «Haykosi
inmepecu Banepis 4imko nposiGUIUCH Yoice Ha OPY2OMY
KYpCi, Koau G po3nouag pobomy 6 cmyoenmcbKOMy
HAYKOBOMY MO8APUCMEL Ni0 KepieHUymeom Ooyenma
0.0. Abpadcarnosoi. Llinecnpsamosanicms, Hanoneziu-
gicmb [ npayenodcmeo, GIOMIHHE HAGYAHHS | BENUKUL
inmepec 00 Ximil, AKUl BUXOOUB OdNEKO 3d MeMNCi
yub080i npoecpamu, - 6Ci yi AKOCMI Xapaxmepusyronms
Kyxaps — cmyoenma. Hozo inmepecu é mi poxu ne
00MEICY8ANUCy — JUUe  HABYAHHAM | HAYKOBOIO
pobomor — 01 1020 HCUMMEPAJICHOI 80aUi YbO20O

oyno 3amano. Mu nam’amaemo tio2o  ORUCKYUI
8i0n06i0i Ha Mmicbkomy Koukypci Knyby eecenux i
donumaugux, Oe3 1020 20cmpux, OOMENnHUX i 8eceaux
MANIOHKI8  NpOCMO  He  MOJCHA  Oy10  yasumu
incmumymcuKy camupuuny cmineazemy «Kpanusay.
Yyoose 3HaHHs 021ca30801 My3uKy ma icmopii 0xicazy
suoinanu Banepia ceped uucnemHux npuxunbHUKIG
MOOHO20 6 mi pOKU 3axonieHHA. Banepiu He cmoss
ocmopons 1 8i0 chopmy. Bin neoonopazoeo saxuwyae
yecmv JXTI y 3macannsax 3 eeciy8amnus, 8UCMYnas 3a
Gaxyremem Ha MypHipax 3 HACMIILHO20 MEHICY».

B.I1. Kyxap — acnipanm

Y 1963 p. cryment Banepiit Kyxap 3axuctun
JUIJIOMHY PO00TY «JIOCHi/PKEHHST BIUIMBY JICAKUX
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3aMICHHKIB ~ IMKJIOIC€KCAHOHOKCHMMY  Ha  HOro
MeperpynyBaHHs B JIaKTaM», OJEpKaB JUILUIOM 3
BIIBHAKOIO 3a CICMIAJBHICTIO "iIH)KEHEP-TEXHOJIOT
miacTMac” Ta 3a pekoMeHpamiero BYeHoi pamu JIXTI
MOCTYIHUB A0 acHipaHTypH [HCTUTYTy OpraHiuyHOi Ximii
(I0X) AH YPCP.

3 1963 g0 1966 p. Banepiit [laBmoBud HaBYaBCS
B acmipaHTypi miJg KepiBHUUTBOM akagemika O.B.
KipcanoBa Tta  mpodecopa B.I.  IlleBuenka.
AcCmipaHTCBKI pPOKHM OynmM MPakTHYHO TIOBHICTIO
3allOBHEH] HaIpy)XeHOI0 mpanero. ExcrepuMeHTanbHi
JOCHI/DKEHHSI B paMKax JAucepTamiiHoi poOoTu Oymu
JIOCTATHHO CKIIAQJIHUMH Ta BHMAarajid BHUKOPHUCTAHHS
arpecuBHUX pe4yoBHH. Y 60-i poku 3HAYHA KiJIbKICTh
cniBpoOiTHUKIB [0OX 3afimanack MOCTIKSHHIM XiMii

thocdazocmomyk - HayKOBHM HAIPsSMOM,
3anoyaTkoBaHuM B 50-1 pokm akagemikom O.B.
Kipcanopum.  ®ochazocnonyku OJEP)KyBaIIN

¢dbocopmroBaHHAM  amiHIB, aMmimiB Ta  IHIINX
AQ30TOBMICHHX  pedoBUH, a  (ochopmmoroanMu
areHtamu Oynu TneHraxyopus (Gocopy Ta ioro
noxifHi. 3a KapTiBIUBUM BH3HAYCHHSM acIipaHTa
Kyxapss «Bci ¢ochopmmoBanin Bce», a BiH caMm
(dbocopmtoBaB HITPUIM JBOXOCHOBHHX KapOOHOBHX
KHCIIOT 1 OJep)KaB  HEBimoMmi  panime  Oic-
¢docdazocrionyku  Ta  JOCHIAUB  IX ~ OCHOBHI
BIacTHBOCTI. He3Baxarounm Ha TPYyTHOII, 3aBISKH
IJICCIIPOMOBAHOCTI, rIU00KUM 3HAHHAM i
HETepeciyHiil eKCIepUMeHTaIbHI MalCTepHOCTI BiH
3a TPH POKM BUKOHAB BECh 3aIUIAHOBAHUI 00CST
JochikeHb 1 B 1967 p. ycHilIHO 3aXUCTHB
KaHIUIATChKY JIUCEPTAIII0 «DochopuirtoBaHHS
HITPHWJIIB JBOXOCHOBHHUX KapOOHOBUX KHCIOTY.
Bmpomorx 1966-1968 pp. x.x.H. B.II. Kyxap
o0iliMaB Mmocajy CTapuIoro iHKEHepa Ta MOJIOJIIOTO
HAyKOBOTO CITiBpOOITHHKA BiAALTy GochopopraHigHux
cnonyk (®OC), kepyBaB poOOTOIO TPYIH JIOCHIIHUKIB,
a B 1969 p. OyB oOpaHuii 1 3aTBepPKEHUI Ha Mocaji
cTapuioro HaykoBoro criBpoOitHuka Biaminy DPOC.
I'pyma HayKoBOi MOJIOJi, OYONIOBAaHA MOJIOJHM,
SHepTiiHIUM KEepIBHHKOM, YHCeNbHO Bupocha i B 1970

p. Oyma  mepeBeiaeHa 10 Biaminy  Ximii
€JIEMEHTOOPTaHIYHUX i30I1iaHaTiB. Temaruka
JOCITIKEHB MOJIOJIOTO KOJICKTUBY CYTTEBO

posmmpuiiack — ¢ochopunoBants «mno KipcaHoBy»
CYIPOBOJUKYBAIIOCH XJIOPYBaHHSIM Xo04ya O OJHOrO 3
MPOAYKTIB peakilii, M0 NPUBOAUIO IO YTBOPCHHS
TpuxjaopdhocdazonoixiopankaHiB, MOJEKYIH SKUX
MICTHJIM B O-TIOJIOKEHHI AKTHBHI aTOMHU XJIODY.
Crnonykn mozniOHoi OymoBHM Moriam OyTH LiIHHUMHU
peareHTaMH B OpPTaHIYHOMY CHHTe3i, a ToMy Banepiit
[MaBioBMY 3 BEJMKAM  EHTY31a3MOM  pO3TOYaB
JOCTIDKEHHSI MpPOLECIB XJIOPYBaHHS 1 BUBUEHHS
BJIACTHBOCTEH OJIEPIKaHUX PEUOBHH.

[Momyk  cmoco0iB  oJiepKaHHS  O-XJIOP-
QJKLIaMiHIB, IOCIHIPKEHHS iX OyIOBH Ta peaxIiiHOi
3IaTHOCTI, CKJaJHI EKCIIEPUMEHTH 1 OCMHCIICHHS
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OJIepKaHUX pe3yNbTaTiB 3a0upanu Oarato yacy i cui,
Ta HE3BAXKAIOYM Ha 3rajaHi TpyaHOUl Banepii
IlaBnOBHY HaMOJETIMBO 3aliMaBCS EKCIIEPUMEHTAIb-
HOIO pOOOTOIO i BCHOTO 3a INICTh POKIB BHKOHAB
HaI3BUYAMHO I[IKaBe [JOCIIMKEHHS, SK€ aKaJIeMiK
LLJLKuyHsiHIT Ha3BaB BUIIYKAaHWM, 1 32 pe3yJbTaTaMH
IBOTO JOCHTIDKeHHS ONucKyde 3axuctuB y 1974 p.
JIOKTOPCBKY JTUCEpTaIlifo «Ab(a-XIopalKijlaMiHi Ta
X TOX1ITHI.

3 1975 p Monoauii BUYCHUN OYOIUB BIIILT XiMii
noJiranoreHopraniunux cnonyk (XIIC) Iucturyty
opraniunoi Xximii, B SKOMYy KpiM BHUBYEHHs XiMii
XJOopo-, Opomo- 1 (PTOpPOMOXiTHMX OpraHiYHUX
PEUOBHH PI3HMX KJaciB rpymna OioJioriB 3ailCHIOBaa
NEpBUHHUNA CKPUHIHT HOBHUX PEYOBHH 1 BiAOip
HaWOIIBII TIEPCIICKTHBHUX I BUKOPUCTaHHSI B
POCITMHHHIITBI SIK PETYISITOPIB POCTY 1 PO3BHTKY, a
TaKOX IHCEKTHUIUAIB JUIA 3aXHCTy BiJl KOMax-
MKiTHUKIB. J[0 IhOTO Tepiony BiAHOCATHCS poOOTH i3
3aBEpLICHHA JCP)KaBHUX BHUIPOOYBaHb Ipenapary
Ne31  (N-okcuay IUMETWINIPUIWHY), Ha3BaHOTO
mizHime «IBiHOM» Ha 4ecTh HOro TBopus IBalieHkKa
SApocmaBa Muxkonaiiopuya. [lpemapar «IBiH» craB
PONOHAYANBHUKOM  IIOT HHU3KM  CTBOPEHHX B
[HCTUTYTI OpUTIHATIBHUX PETYISATOPIB POCTY, AKi 3apa3
LIMPOKO BUKOPHUCTOBYIOTHCS] B POCIIMHHHLITBI.

HayxoBi mocsraennss Banepis IlaBmoBmua Ta
BHKOHYBaHa HUM HayKOBO-OpraHi3allifina podora Oyiu
BHCOKO OIliHeHI HAyKOBOIO TpoMafchKicTio. B 1978 p.
rioro obpamu unenom-kopeconaeaTom AH YPCP 3a
CHCIIAJILHICTIO «OpraHiYHa XiMis» 1 aKaJIeMiKOM-
cekperapeM BimaineHHs XiMil Ta XiMI4HOI TEXHOJIOTIT
AH YPCP, B 1985 p. — niticaum unenom AH YPCP, a
B 1988 p. — nepumm Bine-npesuaentom AH YPCP.

Axaodemix-cexpemap BXXT AH YPCP

[MpuramanHi oMy HIMPOTY HAYKOBUX 1HTEPECIB,
MIMOOKY E€pYAMIII0, BMIHHS 3HAXOIUTH OPHIIHAIbHI
HampsiIMA  JIOCT/DKEHb Ha CTUKY PI3HHX HAayKOBUX
muctuiuiin Banepiit [laBnoBudu BMIJO TO€AHYBaB 3
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HAyKOBO-OpraHizaliifHoro po0OoTOI0 Ha mocaaax
3aBigyBavya BiJ LMY, KepiBHHKA Bigninenus
OioopranigHoi XiMii, TBOPIII 1 0€33MIHHOTO BITPOIOBXK
25 pokiB pupektopa IHcTuTyTy 6ioopraniuyHoi ximii Ta
HagTOXIMil, akajeMika-cekperaps Bigninenns ximii ta
ximiyaoi Ttexuomorii AH VYPCP, mepmoro Bime-
npe3uieHTa AkaseMii HayK.

3pa3y x micins YopHOOMIBbCHKOI Tparepii, o
cramach 26 kBiTHA 1986 p., Bke 29 kBiTHA Bamepiit
[TaBmoBuy paszom 3 akamemikom B.I. Tpedimosum
BBIMIIOB 10  CKIagy  iHIiaTUBHOI  TpymH,
3armoyaTtkoBaHoi akageMikamu B.I. Bap’sxtapom i
.M. BumraeBcbknM. 3a peKOMEHIAISAMH i€l TPymH 3a
aKTHBHOT MATpUMKH KwuiBchkoi nepxammiHicTpamii
Oylmn HeraHO PO3rOpHYTI Hilo4i  LiI0g000BO
JO3UMETPHUYIHI TIOCTH KOHTPOITIO 3a0pyAHEHHS MOJIOKa
1 MOJIOYHMX TPOMYKTiB. TpeTporo TpaBHS Ha OCHOBI
iHiliaTuBHOI rpynu Oyma crBopeHa OmnepaTHBHA
komiciss [lpesunii AH VYPCP Bixm royioByBaHHSM
akagemika B.I. TpedinoBa, a #oro 3acTymHUKaMu
npuzHaueHni B.II. Kyxap i B.I. bap’sxrap. L
OmnepaTtuBHa KOMICiS CTaja 3a BH3HAYCHHSM YII.-KOD.
AH VYPCP Bb.M. ManuHOBCBKOIO «MO3KOBUM
IEHTPOM» 1  BIPOJOBXK  HACTYITIHUX  POKIB
KOOpAWHYBaNa  CHUIBHY  JiSUTBHICTH  HAYKOBIIIB,
BIICEKOBHX 1 WiIeHiB YpsamoBoi kowmicii. Bamepiit
[TaBnoBMY pa3oM 3 HAYKOBIIMH OYOJIOBAHOTO HUM
Binminenus ximii Ta XiMIYHOI TexXHOJIOril AKamemil
HayK ONEpPaTHBHO 1 SKICHO OpraHi3yBaB HaJ3BUYalHO
CKJIaJIHI pOOOTH, TIOB’s13aHi 3 OYHIIEHHSIM ITUTHOT BOJIH
st KueBa, muonpurHiueHHst i 3aKpilIeHHs] KYpPHUX
Teputopiii B 30-KIOMETPOBOi  30HI, OYHIICHHS
ctiuanx Box IlyHKTIB caHiTapHOI OOpPOOKH i KyOOBHX
3aJUIIKIB TUXJIOp-eTaHy (3aci®d jans  Je3akTuBarlii
TEXHIKH 1 CHENOATY) BiJl paAioHyKIiaiB. B pesynbrari
peamizamii 3rajaHUX 3axOJiB Ha KiJbKa TOPSJIKIB
3MEHIIMJIOCh ~ «BTOpPHHHE»  3a0pyaHeHHs  30-
KUJTOMETPOBOT 30HU 1 MPUIIETIIUX TEPUTOPIH.

a\. -

Ha Yopuobunvcoxiii AEC. B.I1.Kyxap — mpemiti 3ni6a

Hes3Bakatoun Ha Benu4e3HUH OOCST HayKOBO-
opranizauiiinoi podotH y BigninenHi ximii Ta xiMiuHO{
texHosorii AH VYPCP, 3aBantakeHHIO pPOOOTOHO Y
pi3HUX KoMicisix 1 komiteTax, Banepiii [laBioBuu He

MIPUITHHSB HAyKOBY IUSTBHICTB, KepyBaB
JOCTDKEHHSMH  BIJUTUTY, CJIIKYBaB 3a HOBITHIMHU
JMOCATHEHHSIMH XIMI9HOT HayKH 1 TEHACHIISAMH il
po3BuTky. | konmm B kiHmi 70-x — Ha mouaTtky 80-X
POKiB (pi3uKO-XimMiuHa 010JIOTis, K TEOPETUYHA OCHOBA
0loTexXHOJIOTiI, BHHINLIA B YHCIO TIPIOPUTETHHUX
HampsIMiB  pO3BUTKY HayKd 1 TexHiku, Bamepiii
[laBnoBuu iHimitoBaB i OOIpyHTYBaB HEOOXiIHICTH
CTBOpeHHS B AkazeMii HayK YKpaiHH HayKOBOTO

HEHTPY TSI IIPOBEACHHS CHCTEMATHYHUX
(dbyHIaMEHTaTbHUX JOCIiKEHb B ramysi
OloopraniuHoi XiMii — BaKJIWUBOI JUCIUIUIIHU ISt

BHpIIMEHHS 3amad OioTexHosorii. Lo mpomo3wuiiro
nigrpumana Ilpesusis akanemii Hayk i B 1983 p. Oyio
opranizoBano Bimginenns  Gioopraniynoi — Ximii
(BBX), kepiBHHIITBO SIKUM TIOKJIaJIeHO Ha aKaaeMika
B.IL. Kyxaps. B 1987 p. Ha BHUKOHAaHHS TOCTAaHOBH
VYpsaay mpo mojanbliuid PO3BUTOK HOBUX HAIpPAMIB
Olosorii Ta OlorexHoiyiorii Ha 0Oa3i BimmineHus
Oioopranmiunoi ximii IOX crBOpeHo IHCTHTYT
OiloopraHiuHoi XiMii, B SIKOMY 00’€IHAIUCH 3YCHIUIS
HAyKOBI[IB  pi3HOr0  mpodinto, MO  J03BOJIMIO
PO3TOPHYTH IIUPOKI CHUCTEMAaTH4HI JOCIiKEHHS,
MOB’S13aHI 3 CHHTE30M 1 BHMBYCHHSM BJIACTHBOCTEH
HOBHX (i310JIOTIYHO aKTHUBHUX pedoBHH. Yepe3 naBa
poxu mocranoBoto [Ipesunii AH YPCP no «wonHOTO»
iHCTUTYTY Oyno mpuemHaHo BimmimenHs HadTOXiMmii,
mo  Habarato  30UMBIIMIIO  OOCAT  HayKOBO-
opraHizariiaoi i aJMiHICTpaTHUBHOI  POOOTH
TUPEKTOpa, SIKUi y TOW Jac 00iiiMaB mocajy MepIioro
Bine-npesunenTa HAH Ykpainu.

[Mompu Benuuve3Hy 3aBaHTaXKeHiICTh Banepiit
[TaBnoBuY 3HAaXOAWMB 4Yac JUIA 3alHATH XIMIYHOIO
HAyKOI0 — CIIPaBOI0 BCHOTO CBOTO JKUTTA. BiH
CHCTEMATUYHO CTEXHUB 332 HAYKOBHMH MyOJiKaIlisiMH 1
CTBOPHB BEJINYE3HY KapTOTeKy (TIOHaa 25 THC. KapTOK)
3 pedepaTaMu HOBITHIX MyOIiKamiid, BiJCIiAKOBYBaB
HOBI HampsIMU  JIOCII/PKEHb, KepyBaB pOOOTOIO
[HCTUTYTY, BiAAUTYy TOHKOTO OpPraHiyHOTO CHHTE3Y,
acmipaHTiB, BYCHOT paj.

3HayHe Micle B JisUIBHOCTI BYEHOIO 3aiimMana
poOoTa B  MDKHApOIAHHMX  KOMICISIX, KOMITETax,
HarlsiJOBUX pajax, acomiamisx Tomo. Bia Oys
3aCTYITHUKOM T'0JIOBM MiKHApOAHOI KOHCYJIBTaTUBHOT
pamd  He3aleKHUX  eKCIepPTiB 3  KOMILIEKCHOTO
BUpimeHHs mnpoOieMm, mnoB’szanumx 3 YAEC,
cmiBronoBoro  BukonaBuoi  pagm  YKpaiHCBKO-
AwmepukaHchkoi ~ Paam  crpusiHHS ~— ycTajeHOMY
pO3BUTKY YKpaiH, 4iIeHOM acomiaiii «YkpaiHa —
Pumcpkuii KITyO», EKCIEePTOM-KOHCYJIETAHTOM
MixHapoaHoro npoekty “Network of universities and
institutes for raising awareness on dual-use concerns of
chemical materials”, YJICHOM MixHapotHOT
HarjasIoBoi rpynu npu  €BpomneicbkomMy  OaHKY
PEKOHCTPYKIIiT Ta PO3BUTKY 3 mpoGeMu
Yopuobmnscbkoro 00’ekra  «Yikputrts»  (JloHmos,
1996), unenom HaykoBoi paam Opramizauii i3
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3a0opoHH XimiuHoi 30poi (I'aara, 2004-2011), uieHom
Excnepraoi pamm HATO 3 mnwranb NOHUBIIBHUX
HAyKOBHX 1 TEXHOJIOTIYHUX JOCTIKEHbB, TTOB’ I3aHUX 13
oesnekoro (1999-2001).

Baxmuse micue B mismbHOcTi B. II. Kyxaps
3aiiMaja HayKOBO-OpraHi3aiiiiHa poOoTa, $Ky BIH
BHKOHYBaB Ha Iocanax akanemika-cexperaps BXXT,
nepmoro  Bine-mpesugenta HAH  VYkpainu, B
YUCIEHHNX aKageMIdHUX 1 YpSIJIOBUX KOMiTeTax,
KoMicisix, panmax. Bia OyB romoBoro HaykoBoi pamn 3
npobusieM Giochepu HAH Ykpainu, ronosoro Kowmicii 3
MUTaHb SIEPHOI TIONITUKK Ta EKOJIOTIYHOI Oe3meku
nmpu IIpe3unenHTosi Vkpainu (1995-2000),
3aCTYMIHUKOM ToyioBH Pagy 3 mHUTaHb HayKd Ta
HAYKOBO-TEXHIYHOiI momitTuku 1pu [lpesnneHTosi
Vkpaiau (1996-2000), wieHom HaykoBo-TexHi4HOT
pamu  [lep>kaBHOI  KOMicii 3 mUTaHh OOOPOHHO-
npoMHUcIoBoro kommekey Ykpainu (2001-2002), Big
2006 p. 6yB umenom Komirtery 3 JepxaBHUX mpemii
YkpaiHu B ramy3i HAayKd 1 TEXHIKH, MPE3UJACHTOM
YKpaiHCBKOTO XiMIYHOTO TOBApPHCTBA, MPE3UICHTOM
Mamnoi akazgemii HayK, HayKOBUM KEePiBHUKOM
VYkpaincekoro BimmineHHs BcecBiTHBROT mabopartopii.
Pobota B 3rajaHux KOMICIsSIX 1 pajgaX 3HaYHOI MipOIO
Oysia MoB’si3aHa 3 €KOJIOTIYHMMHU MpOOJIEMaMH, 10 B
TOBHY CHJTy 3asBuiH 1po cebe micns aBapii Ha HAEC,
1 BUBYEHHS IIMX IHTaHb CTajO IIe OAHUM HAIpPSIMOM
HAYKOBOI AisUTLHOCTI BYEHOTO.

B 2004 pomi Bamepiii IlaBmoBua odomOBaB
Komiciro 3  BHBYEHHS, TEXHIKO-€KOHOMIYHOI'O
OOTPYHTYBaHHS Ta EKOJIOTIYHOI Oe3leKku pi3HuX
TEXHOJIOTIH yTHiizamii TBepaoro nanusa paker CC-24,
3 2007 p. BiH 3aCTyNMHUK TOJIOBH MiXBiZOMY0i KOMICii
3 MATaHb 0i0JIOTIYHOI Ta TeHETUYHOI Oe3meku rpu Pani
HaIlloHATLHOT Oe3reKky i 000poHu YKpaiHu.

Sk mnpesunent — HamioHanbHOro KoMiTery 3
nporpamu  JOHECKO  "Jlromura 1 Giocdepa"
B. II. Kyxap iHTEHCHMBHO 3aiiMaBCs E€KOJIOTIYHHUMH
acreKTaMHi IPOMHCIOBUX TEXHOJIOTIH MiAPHEMCTB
CHEPreTUKH, NOIIYKOM  IUIAXiB  3MEHIICHHS
TEXHOTEHHOTO HABaHTAXEHHsS Ha JOBKUUIL Ta
JIKBIAIi HACTIKIB Horo 3a0pynHeHHs. Pesynbratu
WX JOCHIJKeHb OIPHIIIOHEHI B KiJBKOX HAYKOBHX

T =
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CTaTTAX Ta KHHTaX, 30KpemMa B  MoHOrpadii
"JIOCTIOKEHHSI DHEPTeTHKHA M 3aIlliTa OKpPYKaromieit
cpenst" (Kuis, 2004, y criiBaBTOpPCTBI).

Bropomosx 7 pokie (2010-2017) B.I1. Kyxap
OyB romoBoto Jlep:kaBHOTO GOHIY (PyHIAMEHTAIHHIX
nochimkens (ADODM) VYkpaiam. 3a #Horo CHpusHHS
OyJI0 3aMmoYaTKOBaHO MPOTPaMy TPaHTOBOI MiATPUMKU
MOJIOJMX BUCHUX. TaKi KOHKYPCH CTAIN PETyJIsipHUMH
i BUSBWINCH JIOCTaTHRO NPHUBAOIHMBHMH, OCKUTBKH
JO3BOJSIIIM  OTPUMATH KOIITH HE JIMIIE Ha OIJIaTy
paili, ajie ¥ Ha o0JaAHaHHsA, peakTUBHU ToIo. 1DD/]
3a pe3ynbTaTaMH BIIKPUTHX KOHKYpCIB JHIIE 3a
ocTaHHI poku Oyio HajaHo 5,5 Tuc. rpanTiB. Haykosi
HamnpsIMKH, 32 SKAMH [POBOJMWINCS KOHKYDCH,
BIJIMTOBiTajI CBITOBUM TEHCHIIISIM PO3BUTKY HAYKH.

B.II. Kyxap miarpumyBaB Moioap BciMa
MOXKJIUBUMH CIIOCO0aMHU — CIIPaBXKHIM 1HTEPECOM JI0
po0oTH CIiBpOOITHHKA, MMi10aILOPIOIOYOI0 TOXBAJIOK),
MOpajio, A0OpPO3UWIMBUM >kapToM. [licis Takoro
CHIJIKYBaHHSl Y HAYKOBI[iB-IOYATKIBI[iB, ACHipaHTIB i,
HaBiTh, CTYJCHTIB-NIPAKTHKAHTIB «BUPOCTAJHM KpPHUIIa»
i BUHHUKQJIO BIAYYTTS  TPUYETHOCTI JO HYOTOCh

BHCOKOTO 1 Mali’ke MaridHoro. 3alro4yaTKOBaHi
Banepiem  [laBnoBuueM  miopiuHi  KoH(epeHIii
MOJIOJIUX ~BUCHHMX CTAJIH CIPABXKHBOK  IIKOJIO
HayKOBHX JIONIOBi/Iel 1 HAYKOBUX AUCKYCIH.
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B.I1. Kyxap OpaB yuacTb B poOOTi Mi>KHApOJHHUX i
BCECOIO3HWX HAyKOBHX KOH(epeHmiid, OyB wWieHOM
KBaiQikaiifHuX BYeHUX paj [HCTUTYTY opraHidHOl
ximii Ta KuiBchkoro nepxkaBnoro yHisepcuretry (KIAV)
iMmeni Tapaca IlleBuenka, wimeHoMm BueHuX pax 10X,
BCECOIO3HOr0 00’ eaHanust «Momo6pom», mpoGreMHol
panu 3 ximii enemenroopraniyaux crnonyk AH YPCP,
YHUTaB JIEKIii CTyAeHTaM XiMigHoro (hakymbrery KJIV.

i

Biokpumms Mixcnapoonozo cumnosiymy 3
peayraamopie pocmy pocaur (2007 p.)

[lig vac mepebyBanns B [lapwki y 2012 p. y
CKJIQAl Jeleramnii yKpaiHChKHMX YYeHHUX, sKa Opaia
y4acTh y 3acimaHHi HamioHambsHOTO EHTPY HAYKOBHX
nocmimkens (CNRS), B iHTepB’t0 KOPECHOHICHTY
Yxkpinpopmy B. II. Kyxap 3asnauar: «HeoOxigHO
YiTKO YCBIJOMIIIOBAaTH, MO0 [UIsI HAYKOBOTO i
TEXHOJIOTIYHOTO MOCTYILy BIIEPE] HEOOXiTHO JKUTH HE
JIUIE CHOTOMHIIIHIM JTHEM, a 3a3UpaTH B MaiiOyTHE, Ha
OCHOBI HOBITHIX 3HaHb CTBOPIOBAaTH (YyHJIaMEHT
MaiOyTHhoro. Hayka BinmkpuBae He TUTBKA HOBI
3HaHHsS TPO CBiT, MPHPOAY, XXHUTTS, BOHA MOBHHHA
CTaTh OCHOBOIO EKOHOMIKM Ta COLIaNBHOI cdepH.
Tinbku HayKOBi 3HAHHS Ta HOBI i7iel MOXKYTh IPUHECTH
3aBTpa TPHOYTOK (B UIMPOKOMY PO3YMiHHI I[HOTO
TepMiHy). BiTUM3HSHI  MAOpUEMIN  MOYMHAIOTH
BKJIaJIaTH KalliTall y KyJIbTYpy, MUCTEIITBO, YaCTKOBO B
OKpeMi CTHITeHi1 /Ui MOJOi, OJJHAK JIO0 CIIPaBXHBOI
MiATPUMKH HAyKW 1€ ChOpaBu He midnu. Jlns
MPUKIAIHOI HAYKH BaXIMBO, MO0 BOHA BijuyBaia
iHTepec BHUpoOHMKA. TicHa B3aeMOJis BUYEHOTO-
pPO3pOOHMKA 1 MIANPUEMIIA-BUPOOHHKA 3a0€3MeYUTh
CTBOPCHHS 1 BHUKOPHCTaHHS HOBHX TEXHOIIOTIH,
MaTtepianiB, BUpoOiB». ¥ ToMy 3 iHTepB’to Banepiii
[laBnoBHY i3 60eM MiAKPECIIUB KAXJIMBY TEHICHIIIIO
BIITOKY 3 VYKpaiHd [OCBIIYCHHUX, TaJIAaHOBUTHUX
HAayKOBMX KazpiB. «Bmepiie 3 gaHuM SBUILEM MH
3IITOBXHYJHMCA 1€ B 4Yach NepeOyZoBH, a 3a POKH
HE3aJIOKHOCTI YKpaiHM Taka TEHICHINS TUIbBKU
nocwimiacs. Ha xanb, B yKpaiHChKill HayIli BTpa4eHO
HACTYMHICTb, B3a€MO3B’A30K IOKOJiHb, IO €
BEJIETEHCHKOIO 3arpo3ot0, 00 VYkpaiHa BTpadae TOi

0a3oBuil HaykoBMH moOTeHWiad, skuid Mama 20-25
POKiB TOMY».

Axademik B.II. Kyxap npedcmasssie YkpaiHy Ha
00HOMY 3 MINCHAPOOHUX popymie

B.IIl. Kyxapio, sk yXe 3a3Hauyajochb, OyJu
NpUTaMaHHI LIKPOTA HAYKOBUX iHTepeciB, rJ1nboka
epyauLia B Xximii Ta IHIIMX CYMDXKHUX Trajysdax
HayKH, B IKUX BiH OYB aBTOPUTETHUM EKCIEPTOM,
aJle Iie He 3aBaXaJlo HOMY IPUCIYXaTUCh 10 AYMOK
i OL[iIHOK KOJIer He3aJIeXKHO BiJl IX HAYKOBOT'O paHry.
B KoJiekTHBax, sKi BiH O0OYOJIIOBaB, 3aBXJU
naHyBaJia Jo6pO3U4/IMBa i 0JHOYAaCHO BUMOIJIMBA
aTrMocdepa HAYKOBOI TBOPYOCTi, 3a0X04yBajachb
ininiaTHBa ciBpOOITHUKIB.

Besnye3sHuit o06cAr  HAyKOBOi, HAayKOBO-
opraHizauiiiHoi Ta rpomajcbkoi po6oTu Basepis
[laBs0oBUYa Mailke He 3aJMILIAB BiJILHOrO 4acy, Ta
BCE X BiH 3HAaXOAYB MOXJIUBOCTI JJIA CHIJIKYBaHHA
3 KoJIeraMy, 06roBOpeHHsI HayKOBHX i YKUTEHCbKUX
npobsem XapaktepHuMu pucamu Kyxapa -
KepiBHMKA Oysau r/auMboKa IMoBara [0 JioJeH,
BMiHHA IX BUCJIyXaTH i 3p03yMiTH, TOTOBHICTb NIpU
HeoOxigHOCTI pAomoMortu. B kKepoBaHOMy HUM
HAyKOBOMY KOJIEKTHBI 3aBX/J{ IaHyBaJla 4y/J0Ba
atMocdepa  TBOpYOCTi, A0Opo3UUIHUBOCTI i
B3aeMmozonomory. Basepiii [laBnoBuY Hikoau He
03By4YYBaB CBOI pO3MNOPS/PKEHHS B KaTEerOpPUYHIH,
iMnepaTuBHii GOpMi, BOHU BUCIOBJIOBAJUCH SK
nopaZy abo, HaBiThb, K MPOXaHHH, ajle BUKOHABI]
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cnpuiiMaiu iX siK HakasW, sKi He MOXYTb OYyTH
HEBUKOHaHi. byB 3aB¥xAu BIAKPUTUM [JJI
CHiJIKyBaHHS i CHiBPOGITHHKU MOBCSAKYAC MOTJIU
pO3paxoByBaTU Ha MHOro MiATPUMKY 1 MyApy

nopaay.

Basepiit [TaBOBUY OyB BCeOiYHO
06/1apOBaHOI0  JIIAWHOIO, JIIOGUB MUCTEITBO,
JKa30BY MY3HUKY, peKpacHo MaJIloBaB,

crenjasi3ylo4yucb Ha KapuKaTypax 1 Jpy»KHiX
map»kax, LjiHyBaB I'yMoOp, ajie TOJIOBHOIO CIIPaBOI0
WOoro JKUTTd OyJsia XxiMiyHa Hayka. Bin mMaB
HernepeciyHUN TalaHT 6a4yuTH ii Ta cyMiXHI rasysi
«3 BUCOTU», OXOIUIIOIOYU «HAYKOBUM IIOTJISIIOM»
BeJIMYe3HUHM MacuB MPUPOJHUYUX 1 TeXHIYHUX
3HaHb, 1|0 JaBa/I0 3MOI'y reHepyBaTH HOBi HayKOBi
ifel He TIIbLKKU B rajysi CUHTETUYHOI OpraHiyHOIi
xiMil Ta 1I «BiArajy:keHb», a U B TEXHOJIOTIYHUX
MUTAaHHAX  HapTomepepobku i  HadTOXiMii,
NPaKTUYHOMY BUDilleHHiI €eKOoJIOTiYHUX HpobJieM,
MOLIYKY aJIbTEPHAaTUBHUX JXKepeJl eHepropecypcis
Ta XiMi4YHOI CHPOBHUHH, pO3p0O06Li KOHIENTyaJlbHUX
3acaji CTajJoro pO3BUTKY IPUPOJHO-PECypCHOro
noTteHnjiany kpainu. [Ipagamu B.I1. Kyxap4a Ta ioro
y4HiB 3po6JieHO BaroMUMid BHECOK y PO3BUTOK
6araTboXx HaMpsIMiB Cy4yacHOi XiMi4YHOI HayKH.
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Cepen yuniB B. II.Kyxapsa — mnonazg 30
KaHJAUJATiB i 2 JOKTOpPU HaAyK, BiH aBTOp IOHAJ
700 ny6utikalii, BK/JIIOYAKYH JIeB’ATh MOHOrpadii
Ta 108 aBTOPCHKUX CBiOLTB Ta MaTEHTIB.

HanpyxeHa 1 mnpoAyKTMBHaA HaykoBa Ta
HayKOBO-OpraHisaniiHa Ais/bHICTb akazemika B.
[1. Kyxapsa Bii3HaueHa ypsiJOBUMH Ta HAYKOBUMHU
HaropojaMmu: opAieHoM «3a 3acayru» 3-ro (1997)
Ta 2-ro (2006) cTyneHis, BijaHakoto “Global - 5007,
(IIporpama OOH 3 mpo6GsieM jgoBkisia - UNEP),
yA0CTOEHNH MixkHapoaHoi Ap6y30BChbKoOI IpeMii B
ranysi  ¢ochopopraniyHoi  ximii, npewmii
BcecBiTHbOI deneparii BueHux “Premio “Terni -
San Valentino «Un anno d’Amore» Ta 6araTbox
13:0110%0:4

Banepitt [laBnoBuY 6yB  I[AaCAUBUM Y
pPOAMHHOMY KoJii. 3 apy:xuHOot HaTasiero BUXOBaB
CUHA Ta 04Ky, PaJiiB OHYKaM.

Bci, xTo 106pe 3HAB 4M, HaBiTh, X04a 6 pa3 y
KUTTI coinkyBaBcs 3 B.II. KyxapeM, mam’siTaloThb
H0ro SIK CBITJIy Ta CIOBHEHY NO3UTUBY JIOIUHY.

OaekcaHdp boiiko, /llo6oe [lampuask
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o 85 piuus akanemika HAH Ykpainn
AnaroJtia ®exoposuya Ilonmosa

14 6epe3ns 2022 p. BUMOBHWIOCH 85 POKiB BUAATHOMY
BYEHOMY B Tamy3i opraHiunoi ximii, akamemiky HAH VYkpainn
Anarojiio ®@egoposuuy IlonmoBy. 3 1965 p. ioro misbHICTH
nos’sizaHa 3 HAH VYkpainu,3 1983 p. BiH € qupextopom [HCTHTY-
Ty (isuko-opraniuHoi ximii i Byrieximii im. JI.M. JlurBuHeHka
HAH VYkpainn.

Axanemik A.®. [ToroB 3p0OHB OCHOBOIIOJIOXKHUN BHECOK
y pO3B ' A3aHHS Takux npobieM ¢i3uKo-OpraHiyHol XiMmil sK: Mexa-
HI3M Tiepenadi eneKTpOHHUX e(eKTiB 3aMICHUKIB Y MOJEKYJsp-
HUX crucTeMax (TTO3UTHUBHUN MICTKOBHH e(eKT); mpupoaa CTepud-
HUX B3a€MOJIiH 3aMICHUKIB Ta BIUTUB IIMX B3a€MOJIiIl HA PEaKTUB-
HICTh OPraHIYHUX CHOJYK; KiJIbKICHE BpaxyBaHHS CJIEKTPOHHHUX i
crepryHNX e(eKTiB 3aMiCHUKIB, HyKIeo(]ilbHA pPEaKTUBHICTH 1
OCHOBHICTh OpraHiYHHMX CIIOJNyK; MEXaHi3MH peakliii HyKieo-
(iIBHOTO 3aMIIICHHS | TOMOTC€HHOT'O OPTraHIYHOTO KaTalli3y.

[lig #ioro KepiBHUIITBOM [OCIiPKEHO 3aJady HYyKJIEO-
(GITpHOT peakIifHOl 37JaTHOCTI, IO 3aKJIajd0 HAyKOBY 0azy s
PO3po0OKH 3acO0IB 1 TEXHOJIOTIH 3HMICHHS €KOTOKCHKAHTIB, OT-
PYHHUX PEUOBHH, 30KpeMa KOMITOHEHTIB XiMidHOI 30poi; CTBOpe-
HO TEXHOJIOTii ojiep>kKaHHsS MOHOMEpIB i TIOJIMepiB 3 MOIIMIICHA-
MH EKOJOTIYHHMH TapameTpaMy; 3alpOolOHOBAHO HOBI MiIXOAU
II0/I0 BUKOPUCTAHHS BYTULIS SIK JDKepesa MPUPOJHOT CUPOBHHU
JUTS OIep KaHHS XIMIYHUX PEUOBHH 1 MaTepialiB.

Po6otu A.®. [TonoBa 3 KiHETHKH, KaTaiizy i MeXaHi3MiB
OpraHiuHUX PEaKIii OJIepX A CBITOBE BHU3HAHHS, IIMPOKO IMTYIOTHCS B HAYKOBIH JiTeparypi. TBOpuHMil JOpOOOK
akagemika A.®. [Tonosa Hamiuye moHan 650 HAyKOBUX MyOITiKalii, y ToMy uncii 85 BuHaxomiB. IlpoTsarom 6aratbox
pokiB akanemik A.®D. [1omoB € 4wiIeHOM peaKOJIerii KiTbKOX HAYKOBHX XYPHAIIB Ta MKHAPOAHUX BUJAHB, IPOTITOM
TPHUBAJIOT0 Yacy OYOJIOBAB CEKIIII0 PeakKIlifHOl 3MaTHOCTI i MEXaHi3MiB peakiili HaykoBoi paau AH Ykpainu 3 Ximiu-
HOI KiHeTHKH 1 Oy/moBu. BiH HEOMHOPa30BO BXOAWB 1O CKIIAAY 1 OYOIIOBAB OPTKOMITETH HAYKOBUX KOH(EPEHIIiH Ta
cUMIIO3iyMiB, € wieHoM ExcriepTHOi pamau JepkaBHOTO KOMITETYy B raily3i HAyKH 1 TEXHIKH, YIeH HAYKOBUX paj Ili-
JHOBUX KOMILIEKCHHX MTPOTpaM HaykoBuX Jociikens HAH Ykpainu.

3apnsku ocobuctuM 3ycriusiM A.®D. [lomosa IHeTuTyT Qizuko-opranivunoi ximii i Byrmeximii im. JI.M. Jlut-
BuHenka HAH VYxkpainu 6yno nepemimieno B 2014 poui 3 Honeuska 1o Kuesa. bararo gacy Amnatoniit @enoposuy
NPUITKB 30€PEKEHHIO HAYKOBOI TEMAaTHKH Ta MOIIYKY HOBUX HAmNpsMiB poOoTH IHCTHTYTY, BUPILLIEHHIO BUPOOHHYUX
1 comiagbHUX TpoOJIeM MepeMilleHnx HayKoBIiB. Hapa3i [HCTHTYT 3aiiMae MpiopuUTEeTHI MO3UIITYy AOCIiIKEHHI
peakmiifHoOl 3AaTHOCTI OPTraHiYHUX CIOJYK; BUBYSHHI BIIACTUBOCTEH BHKOITHOTO BYTLLIS Ta CHHTE31 TeTePOLUKIIIYHIX
CHOJYK.

Axagnemik [TonoB A.®D.- 3aciyxenuil nisa Hayku i TexHiku Ykpainu (1998 p.), maypear [epxaBnoi npemii
VYkpainu B ramysi Hayku i texniku (1993 p. ) i mpewmii imeni O.1. Bpoacekoro, kaBaiep opaeHa «3HaK MOIIAHM
(1986 p.), kaBanep opaeHa «3a 3acayruy» 111 crynens (2008 p.).

HaykoBa rpomaJichKiCTh, KOJIETM Ta Y4HI BiJ| IIMPOro cepis BiTaloTh AHaTonis demopoBuya 3 1oBiICEM,
3U4aTh HOMY MIIIHOTO 3/I0OPOB’Sl, IOBI'MX IIACTMBHUX POKIB XHTTS, TBOPUOI HACHATH 1 YCHIXiB B Yit0OJIeHiH cripasi.
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